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The order Lamniformes comprises 15 living species of sharks organized into seven families. 
The diversity among these species is impressive. Within the Lamniformes are the notorious predator, 
the great white shark (Carcharodon carcharias), and two species of harmless filter-feeding sharks, 
the megamouth (Megachasma pelagios) and the basking shark (Cetorhinus maximus). The 
remarkable discovery of the megamouth shark in 1976 renewed interest in the phylogenetic 
relationships among lamniform sharks. Morphology-based analyses of lamniform phylogeny have 
produced conflicting results (Maisey, 1985; Compagno, 1990; Shirai 1992, 1996; De Carvalho, 
1996). Subsequent molecular-based analyses of this group were also unable to discern their 
phylogeny (Morrissey et al., 1997; Martin and Naylor, 1997; Naylor et al., 1997; Martin et al., 2002; 
Martin and Burg, 2002; Lopez et al., MS). Although lamniform teeth are abundant in the fossil 
record, these have proved of limited use in revealing relationships among living species. The aim of 
this thesis is to attempt to resolve lamniform phylogeny using entire mitochondrial genome sequences 
from all living taxa. As there are only 15 living species of lamniform sharks, this group represents an 
excellent opportunity to test the idea that complete taxon sampling combined with large datasets 
(such as entire mitochondrial genome sequences) can improve phylogenetic reconstruction. 
Thesis Organization 
This thesis is written in an alternative format. It includes an extensive literature review, that 
is divided into four chapters: Chapter One is an overview of the biology of lamniform sharks; Chapter 
Two examines lamniform systematics; Chapter Three covers the fossil record of these sharks; and 
Chapter Four discusses the utility of mitchondrial genes and genomes in phylogenetic analysis. 
Chapters Five and Six present the results of this study and are written in manuscript format. A 
general conclusion summarizing the contents of all six Chapters is included, followed by a final list of 
references combined for all Chapters. Compete mitochondrial genome sequences for all 15 species of 
lamniform sharks are listed in the Appendix in GENBANK format. 
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LITERATURE REVIEW 
CHAPTER ONE: THE BIOLOGY OF LAMNIFORM SHARKS 
Introduction 
The order Lamniformes comprises 15 living species of sharks organized into seven families. 
The diversity among these species is impressive. Within the Lamniformes is the notorious predator, 
the great white shark (Carcharodon carcharias), and two species of harmless filter-feeding sharks, 
the megamouth (Megachasma pelagios) and the basking shark (Cetorhinus maximus). Individual 
lamniforms also exhibit an array of biological adaptations unique among cartilaginous fishes. For 
example, the sand tiger shark Carcharias taurus, a common inhabitant of many public aquaria, was 
the first shark in which the unusual reproductive behavior of uterine cannibalism was documented 
(Bass et al., 1975). Thresher sharks (Alopias spp.) have enormously long and asymmetrical tails that 
make up about half the shark's total body length. Endothermy, a rare adaptation among fishes, has 
been described for several species of lamniform sharks. Also included in the order are poorly studied 
species such as the crocodile shark (Pseudocarcharias kamoharai) and the bizarre deep-sea goblin 
shark (Mitsukurina owstoni). 
This Chapter provides an introduction to the unique adaptations exhibited by lamniform 
species as well as an overall guide to their biology. Subsequent chapters include detailed information 
on the fossil record of the group, and the systematics and evolutionary relationships among taxa. A 
list of sharks is presented (for a key to species, see Chapter Two) as a guide to recognized species 
within the Lamniformes and as an outline for the Chapter, since species are also discussed in the 
order listed. Adaptations such as filter-feeding, endothermy and reproduction are discussed 
separately. 
. List of families and species in the order Lamniformes 
Order Lamniformes Compagno,1973 
Family Megachasmidae Taylor et a1.,1983 
Megamouth shark, one species in one genus: 
Genus Megachasma Taylor et al., 1983 
Species M. pelagios Taylor et al., 1983 
3 
Family Cetorhinidae Gill, 1862 
Basking shark, one species in one genus: 
Genus Cetorhinus Blainville, 1816 
Species C. maximus (Gunnerus, 1765) 
Family Mitsukurinidae Jordan, 1898 
Goblin shark, one species in one genus: 
Genus 
Species 
Mitsukurina Jordan, 1898 
M. owstoni Jordan, 1898 
Family Pseudocarchariidae Compagno,1973 
Crocodile shark, one species in one genus: 
Genus Pseudocarcharias Cadenat, 1963 
Species P. kamoharai (Matsubara, 1936) 
Family Qdontaspididae Muller and Henle,1839 
Sand tiger sharks, three species in two genera: 
Genus Carcharias Rafinesque, 1810 
Species C. taurus Rafinesque, 1810 
Genus 
Species 
Odontaspis Agassiz, 1838 
O. ferox (Risso, 1810) 
O. noronhai Maul, 1955 
Family Alopiidae Bonaparte, 1838 
Thresher sharks, three species in one genus: 
Genus Alopias Rafinesque, 1810 
Species A. vulpinus (Bonnaterre, 1788) 
A. pelagicus Nakamura, 1935 
A. superciliosus Lowe, 1839 
Family Lamnidae Muller and Henle,1838 
Mackerel sharks, five species in three genera: 
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Genus Lamna Cuvier, 1817 (porbeagle and salmon shark) 
Species L. nasus (Bonnaterre, 1788) 
L. ditropis Hubbs and Follett, 1947 
Genus Isurus Rafinesque, 1809 (mako sharks) 
Species 1. oxyrinchus Rafinesque, 1809 
1. paucus Guitart Manday, 1966 
Genus Carcharodon Smith, 1838 (great white shark) 
Species: C. carcharias (Linnaeus, 1758) 
Family Megachasmidae 
In November, 1976, the crew of a research vessel operating off the coast of Oahu, Hawaii, 
was stunned when they found a large, bizarre shark caught in their gear. Realizing the uniqueness of 
such a creature the crew kept the shark (despite complications imposed by its large size) and made it 
available for scientific study. The shark, a 4.46m male, weighing 750kg, was determined not only to 
be a new species of shark, but to represent a new genus and family belonging to the order 
Lamniformes (see Chapter Two for diagnostic features). The shark was dubbed "megamouth shark" 
by the press and the animal was formally named Megachasma pelagios, from the Greek 
"megachasma" for "large opening", and "pelagios" meaning "of the open sea" (Taylor et al., 1983). 
The remarkable discovery of this large, previously unknown and bizarre species of shark has 
been likened in importance to the 1938 capture of the coelacanth (Berra, 1997). The unusual nature 
of the animal makes this find even more impressive; Megachasma pelagios is believed to be a filter-
feeder, one of only three species of sharks to possess such a feeding mechanism (Taylor et al., 1983). 
The following section details current information on the biology of Megachasma pelagios. A 
discussion of filter-feeding in this animal as compared to other filter-feeding sharks (including the 
lamniform, Cetorhinus maximus) is presented elsewhere in this Chapter. 
Since its discovery in 1976, less than 20 specimens of Megachasma pelagios have been 
documented. Almost all of these have been males caught in the Pacific Ocean (Hawaii, California, 
Japan, Philippines, Indonesia) (Amorim et. al, 2000). One specimen (a male) was caught off Western 
Australia, making it the first specimen captured in the Indian Ocean (Berra and Hutchins, 1990). 
Although Megachasma was then unknown from the Atlantic Ocean, Berra and Hutchins (1991) 
believed the shark should inhabit these waters. This statement was based on previous studies of the 
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other two known species of large planktivorous sharks, Cetorhinus maximus (the basking shark) and 
Rhiniodon typus (the whale shark}. 
In 1995, two specimens of megamouth sharks were caught in the Atlantic Ocean. The first 
specimen was caught in a net in Senegal (Beret, 1995), while the second specimen was hooked on a 
longline off Brazil (Amorim et al., 2000). Unfortunately the Senegalese shark was discarded before it 
could be examined. The description of this animal matched that of 1Vlegachasma and the size, 
estimated at 1.8m, suggests it was an immature male. However, the verbal description of the animal 
is all that remains of this discovery since there was no other evidence recorded (Beret, 1995). The 
Brazilian specimen, however, was kept and it represents both the first documented specimen of a 
megamouth in the Atlantic Ocean and the first description of a j uvenile of the species (Amorim et al., 
2000). The 1.9m male was caught on a longline, and is the only specimen to be captured on a hook. 
A detailed morphological description of this shark is presented in Amorim et al. (2000). It is 
interesting to note that the only two specimens caught in the Atlantic have both been immature. 
The majority of reported captures of megamouth sharks are males ranging in size from 1.8m 
to approximately 5.49m (Amorim et al., 2000). Very few of these reported specimens have actually 
been studied and these are on display around the world. Several specimens are known only from 
photographs or anecdotal evidence. Aside from the capture of the first juvenile, other important 
records of this species occurred in 1990, when the first (and only) megamouth shark was acoustically 
tracked, and in 1994 when the first female specimen was preserved and studied. These specimens 
provided the only documented behavioral information on megamouths as well as an important first 
examination of a female of the species. 
Before October 1990 only four dead specimens of the mysterious megamouth shark had been 
reported. A fifth megamouth was captured alive but was subsequently released with only 
photographs to record the discovery (Amorim et al., 2000). Given the paucity of data on this rare, 
unusual shark one can imagine the excitement when the sixth specimen of megamouth was captured 
alive and made available for examination. 
Megamouth VI was a 4.9m male that was caught in a driftnet off Southern California. The 
fisherman who caught the shark was unfamiliar with it and, as it was in such good shape, decided to 
bring the animal back to shore. The color of the shark was very unusual: it was counter-shaded, with 
its flanks and dorsal surface golden bronze (as opposed to the normal dark black of previous 
specimens), and a white ventral surface. Such a color pattern was consistent with sharks inhabiting 
nearshore or shallow oceanic environments, contrary to the deep oceanic habitat megamouths were 
believed to inhabit (Lavenberg, 1991). This unusual specimen survived in the harbor tied to a rope 
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for over 24 hours by remaining motionless on the bottom and passively pumping water over its gills. 
It was observed, filmed, photographed and fitted with acoustic telemetry equipment before its release 
(Lavenberg, 1991; Nelson et al., 1997). 
The shark was tracked continuously for 50.5 hours, where it exhibited distinct diel vertical 
migration patterns: at night the shark entered shallow water (12-25m) while during the day it retreated 
to much deeper waters (166m below the surface). The shark repeated this pattern the next evening 
before it was lost. The reason for this pattern is unknown, although two suggestions have been made. 
The first is that megamouths may be responding to changes in light levels, resulting in the onset of 
deeper dives just before sunrise. However, it is unknown how the shark would perceive such changes 
so a second alternative was proposed. It is known that light levels affect vertical migrations in krill, 
so .perhaps Megachasma is simply following its prey throughout the water column (Nelson et al., 
1997). 
A second advance in our knowledge of Megachasma biology did not occur until 1994 when 
the first female Megachasma was found, washed up on a beach in Japan (Takada et al., 1997). The 
4.8m shark was immature and showed no evidence of mating nor any sexual dimorphism (Clark and 
Castro, 1995; Nakaya et al., 1997). This female did reveal however, that the reproductive tract of 
Megachasma was very unusual. It consisted of two unfused uteri each with separate vaginas covered 
by a thick hymen. Although this type of reproductive tract is known .for hexanchiforms, it is atypical 
in lamniforms and may represent an ancestral feature of megachasmids (Clark and Castro, 1995; 
Castro et al., 1997). Since this time at least three mature female megamouth sharks, ranging in size 
from 5.2-S.Sm, have been reported two of which displayed prominent mating scars on their bodies 
(Yano et al., 1997a, 1999). None of these sharks were pregnant, and in fact, a pregnant female of this 
species has never been reported. Unfortunately only one of these sharks was kept; the others are 
known only from photographs (one was released while one the other was tragically discarded after it 
could not be sold at a Japanese fish market; Yano et al., 1997a; 1999). 
Family Cetorhinidae 
The second species of planktivorous lamniform is the basking shark, Cetorhinus maximus. 
This species was the first filter-feeding shark to be described, and its original name Squalus maximus 
("largest shark") was certainly appropriate given the size of these animals (see below). The only 
shark larger than the basking shark is the whale shark (Rhiniodon typus, Smith, 1828). The whale 
shark, described 63 years after C. maximus, is the third species of planktivorous shark and may reach 
up to 18m in length (Compagno, 1984a). 
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The maximum size of the basking shark is controversial since past records may have been 
overestimated. In the most comprehensive anatomical study of Cetorhinus to date, Mathews and 
Parker (1950) discussed how easy it was to overestimate the size of this animal. Given that their own 
estimates were off by as much as 3m, these authors cautioned against relying on lengths obtained by 
descriptions of sharks not measured directly. Despite records of 12.2-15.2m, it seems that l Om is a 
fair estimate for the total length of this shark (Last and Stevens, 1994). Males mature between 4-Sm 
while females mature at approximately 8- l Om (Compagno, 1984a). 
Although we have known about the basking shark since the late 1700' s, and it has been 
targeted by fisheries for its oil since the 1800's (Fairfax, 1998), the basic biology of these sharks is 
still poorly known. Information on these animals is often based on anecdotal evidence of sharks that 
were not available for study (Springer and Gilbert, 1976). The size of this animal makes it difficult to 
store: there are no intact museum specimens available for study (Springer and Gilbert, 1976) and 
simply handling the animal for basic research is difficult: 
They are not easy subjects for dissection, the size and weight of the individual organs 
making handling difficult; and woe betide the anatomist who inadvertently punctures 
the stomach and releases perhaps the better part of a ton of semi-digested plankton 
over his dissection. 
Matthews (1950; p.248-249). 
One need only imagine the difficulty studying an 8.8m shark where the liver alone weighs 907 kg 
(Mathews and Parker, 1950) ! A second reason for the lack of knowledge may be the habitats of these 
animals (Springer and Gilbert, 1976). These animals are highly migratory and exhibit complex social 
behaviors that we have yet to understand (Castro, 1983; Francis and Duffy, 2002). 
Basking sharks are found in all of the major oceans of the world (Compagno, 1984a). These 
sharks seem to prefer cool temperate waters (Francis and Duffy, 2002) and although they are 
occasionally found in warm tropical waters (an emaciated 8.2m female was described by Springer and 
Gilbert [ 1976] off the coast of Florida) this appears to be out of their normal range (Fairfax, 1998). 
Basking sharks seemed to be seasonal, often appearing inshore during spring and summer and 
disappearing in autumn and winter months (Francis and Duffy, 2002). However, this pattern does not 
explain all sightings of basking sharks (for example, they appear year round in waters off California) 
and there appears to be no universal migratory pathway that explains the seasonal habitats of these 
sharks (Stott, 1982; Compagno, 1984a; Castro, 1983; Francis and Duffy, 2002). 
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The social behavior of these sharks when they do appear is also a mystery. Large groups of 
basking sharks (up to 200 at a time; Fairfax, 1998) are often witnessed sometimes within 100m of the 
shoreline (Francis and Duffy, 2002): The significance of these groups is not understood although 
their presence may be associated with mating (Fairfax, 1998). Smaller groups of sharks (up to 21) 
have also been seen in brackish lakes, such as Lake Ellesmere in New Zealand (Francis and Duffy, 
2002). This is considered an unusual habitat for these sharks, and these sightings may have been 
linked to abundant copepod populations (a favorite food source) in the lake (Francis and Duffy, 
2002). Basking sharks have also been caught at depths of at least 904m indicating that the habitat 
range for these sharks extends from brackish lakes and shallow coastal waters to the open ocean. 
However, the manner in which these animals utilize these various habitats are unknown (Francis and 
Duffy, 2002). 
In addition to seasonal variations, basking sharks may also show sexual segregation. For 
example, analysis of catches of Cetorhinus during summer months obtained from fisheries data in the 
British Isles shows that females outnumbered males by a ratio of 40:1 (Compagno, 1984a; Matthews 
and Parker, 1950). Francis and Duffy (2002) have also noticed a similar pattern of sexual segregation 
in waters off New Zealand. Although sexual segregation is not uncommon in sharks, in basking 
sharks this pattern is unusual since these sharks are often immature (or non-breeding adults) and none 
of these females are pregnant. In fact, records of pregnant females, with the exception of a few 
ambiguous reports, are almost unheard of (Compagno, 1984a; Izawa and Shibata, 1993; Francis and 
Duffy, 2002). Perhaps the only modern record of such an event describes the birth of five living and 
one stillborn basking shark from a harpooned female. The young ranged in length from 150-200cm 
and upon release, and were quite capable of feeding and swimming at this size (Branstetter, 2002). 
Given the dearth of pregnant females, it is not surprising that little is known of the juveniles 
of this species. The smallest record (besides the account mentioned above) for the basking shark was 
a free-swimming 1.65m individual in the Atlantic (Compagno, 1984a; Castro, 1983) and only a 
handful of specimens less than 3m have been reported (Izawa and Shibata, 1993). Studies of young 
specimens indicate a significant difference in the morphology of the juvenile snout as compared to the 
adult: in juveniles the snout is proportionally longer and displays a prominent "hook-shape" which is 
lacking in adults (Matthews and Parker, 1950; Springer and Gilbert, 1976; Izawa and Shibata, 1993). 
This unusual morphology may help direct water into the mouth thus increasing the efficiency of filter-
feeding in juveniles that may be hampered in swimming ability as compared to adults (Izawa and 
Shibata, 1993). The size at which the adult morphology is achieved is unknown, although sharks 
examined by Matthews and Parker (1950) between 1.67 and 3.65m in length displayed this condition. 
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Since past descriptions of juveniles, often within this range, have omitted this prominent feature, the 
accuracy of these reports have been questioned (Matthews and Parker, 1950; Izawa and Shibata, 
1993; Fairfax, 1998). Growth estimates in the basking shark indicate that the size at birth is 
approximately 1.7 to 1.8m, which is perhaps the largest known for any viviparous species of shark 
(but see A. pelagicus below; Compagno, 1984a; Izawa, and Shibata, 1993). 
Both the lack of pregnant females and the apparent absence of these sharks in winter have 
prompted speculation on the potential deep-water habitats of these sharks (Matthews, 1950; Parker 
and Boseman, 1954). Parker and Boseman (1954) proposed the idea that these sharks may hibernate 
during winter months. This theory (now defunct) was based on two primary sets of evidence: first, 
several captures of basking sharks with non-functional gill-rakers, ~ believed essential for feeding, have 
been reported in winter months; and second, plankton concentrations during this season may have 
been insufficient to support the needs of these sharks {Weihs, 1999). However, recent evidence 
argues against these points since specimens without gill-rakers are caught throughout the year (this 
may simply be a mechanism to replace the worn feeding apparatus; Francis and Duffy, 2002) and 
energy costs associated with feeding in these sharks have been severely overestimated (Weihs, 1999). 
In addition, observations that these sharks feed in water with very low plankton densities (Hallacher, 
1977) and the theory that their huge liver (which at 907 kg, is 25% of the total body weight; 
Matthews and Parker, 1950) may also help sustain the shark when reserves are low (Last and Stevens, 
1994; Francis and Duffy, 2002) suggest that food may not be the limiting factor as once believed. 
And what of the apparent absence of this shark during winter months? In a comparison of 
New Zealand fisheries conducted by Francis and Duffy (2002), areas which utilized nets designed to 
trawl along the bottom at depth (greater than 700m) reported significant captures of Cetorhinus in 
winter months as compared to areas which only trawled in shallower waters. Accounts of basking 
sharks in winter may therefore be biased by the technique utilized since worldwide captures at these 
depths often yield similar results. A deep-water habitat for these sharks is also supported by both the 
presence of mesopelagic shrimp species found in the stomach and a squalene (a low-density 
hydrocarbon) composition in their liver similar to that found only in deep-sea sharks (Francis and 
Duffy, 2002). Perhaps basking sharks live at depth year round and are only brought to the surface 
when conditions (such as food sources) are beneficial (Springer and Gilbert, 1976). 
So far, much of the information we have obtained on basking sharks has been obtained from 
analysis of fisheries data (e.g., Stott, 1982; Francis and Duffy, 2002). Basking sharks have been the 
subject of local fisheries since the 1800's. Early fisheries focused on the oil of these sharks as a 
source of both lamp oil and Vitamin A and today they are still utilized for their fins and meat 
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(Fairfax, 1998; Castro et al., 1999). However, these local fisheries often quickly collapsed due to 
over-fishing, and this fact has been used as evidence for the vulnerability of basking sharks to 
exploitation (Castro, 1983; Compagno, 1990a; Castro et al., 1999). In addition to their use in 
fisheries, basking sharks have also been killed as pests since their surface habits cause them to 
become entangled in salmon nets. These animals often destroy these nets both in an effort to escape 
and by the mucous that they secrete, which is so noxious that it is actually corrosive to natural fibers 
(Compagno, 1990a; Fairfax, 1998). The vulnerability of these sharks has been recognized by several 
efforts to protect them. Since 1998, it is illegal to harm a basking shark in any way in waters off the 
United Kingdom (Fairfax, 1998) and they have been placed on the ILTCN-World Conservation Union, 
Red List of Threatened Animals in 1996 (Sims et al., 2000). 
In the past, misidentifications of the carcasses of these sharks (perhaps discarded from 
fisheries usage) have been used as proof of sea monsters. The remains of this animal when washed 
ashore were often mistaken as sea serpents: During decomposition, the jaws and gill arches detach 
from the cartilaginous "skull", which is proportionally small in this animal. This gives the 
appearance of an animal with a very long neck attached to a small skull. This "sea creature" has three 
sets of "legs", with each pair formed by the remnants of the pectoral girdle, pelvic girdle and the 
claspers (Fairfax, 1998), which are over lm in length in adult males (Mathews, 1951). Proof of this 
spectacular beast was given by eyewitness accounts of the creature, although these were probably just 
several basking sharks swimming in a row (Compagno, 1984a). Belief in the creature was so certain 
that in 1808 a new species, Halsydrus pontoppidani was described from the unusual skeletal remains 
of what was believed to be a sea serpent (Fairfax, 1998). Although we now question the existence of 
sea monsters and know that the sea serpent Halsydrus pontoppidani was based on the remains of the 
basking shark, the biology of Cetorhinus maximus, like the myths that have surrounded it, still invoke 
a sense of mystery. How do these animals utilize their various environments and how are populations 
segregated both by sex and depth? What are the habitats of juveniles and pregnant females? The 
answers to these questions may be vital towards future conservation efforts of a species that is 
perhaps more vulnerable to over-fishing than any other species of shark (Compagno, 1984x; Castro et 
al., 1999). 
Biological adaptations in lamniform sharks I: Filter—feeding 
Filter-feeding in modern sharks is restricted to three species: the two lamniform species, 
Megachasma pelagios and Cetorhinus maximus and the whale shark, Rhiniodon typus 
(Orectolobiformes: Rhiniodontidae). The morphological and behavioral adaptations to filter-feeding 
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in these sharks are remarkably different and hence support the idea that planktivory evolved more 
than once in lamniform sharks (Compagno, 1990b; Martin and Naylor, 1997; Morrissey et al., 1997). 
A comparison of filter-feeding in these sharks, including design of the feeding apparatus, behavioral 
adaptations and prey selection is discussed below. 
In sharks gill-rakers guard the entrance to the internal gill slits preventing debris from 
damaging the delicate gill lamellae required for respiration. In filter-feeding sharks, the gill-rakers 
have been modified in various ways to assist in feeding. In M. pelagios each gill arch possesses 
approximately four rows of densely packed papillae-like (papillose) gill-rakers. These gill-rakers are 
small and slender, approximately 10-15mm long. Each raker is supported by a core of hyaline 
cartilage, is covered with numerous dermal denticles and is surrounded by a mucous membrane 
(Taylor et al., 1983; Yano et al., 1997b). This design creates a sticky sieve that traps organisms 
suspended in the water column as water passes through the internal gill slits. Unlike C. maximus, the 
gill-rakers of M. pelagios are not shed (Compagno, 1990b). Processes (10-20mm long) similar in 
morphology to the gill-rakers are found in the pharynx and may also assist in filter-feeding (Yano et 
al., 1999). 
The branchial arches of C. maximus support numerous (1000-1300), thin, flexible, rod-shaped 
gill-rakers (Matthews and Parker, 1950) that are up to 11.Scm long (Fairfax, 1998). Unlike other 
sharks, the gill-rakers of the basking shark are made of keratin, the same material that forms the 
baleen plates found in filter-feeding whales (Mysticeti; Fairfax, 1998). The bases of the gill-rakers 
are attached to the pharyngeal (inner) surface of the arch by elastic connective tissue and on the outer 
surface by a layer of muscle. This arrangement allows the rakers to assume an upright position when 
the mouth is open and return to a flattened position when the animal is not feeding (Matthews and 
Parker, 1950; Fairfax, 1998). Thickened epithelial mucoua are found at the base of the rakers, and 
mucus secreted by glands in this membrane help trap food particles on the gill-rakers (Matthews and 
Parker, 1950; Fairfax, 1998). Papillae in the esophagus act as a valve for food entering the stomach 
(Fairfax, 1998) that is mostly filled with the mucus secreted by the membrane associated with the 
rakers (Matthews and Parker, 1950). Although it may seem that the feeding apparatus of the basking 
shark is similar to that of M. pelagios, the design of these systems is in fact very different, allowing 
for unique adaptations to filter-feeding (see below). 
C. maximus possesses a unique method of planktivory known as "ram filter-feeding" (Weihs, 
1999). This strategy is dependent on the passive flow of water over the gills as the animal moves 
forward through the water column (Taylor et al., 1983; Weihs, 1999). The basking shark is the only 
known passive filter-feeder in the Chondrichthyes, with forward motion generating water flow over 
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the gills (Duffin, 1998). As the shark swims slowly with its large mouth open (lm wide in an 8m 
specimen; Hallacher, 1977), it is capable of filtering very large volumes of water (at least 2215 cubic 
meters of water per hour). The delicate feeding apparatus of the basking shark is designed to 
effectively filter large quantities of very small (primarily microscopic copepods, although small fish 
may also be captured; Francis and Duffy, 2002) prey by combining a high flow rate of water with a 
highly proficient filtering apparatus (Taylor et al., 1983). This effective filtering mechanism may 
allow basking sharks to maximize feeding capabilities under adverse conditions, such as low plankton 
densities. 
Basking sharks may also maximize feeding by selective foraging. In a recent study 
conducted by Sims and Quayle (1998), basking sharks were found to locate and track specific patches 
of zooplankton that possessed certain characteristics (i.e., high densities of zooplankton above a 
certain threshold; large species of copepod, specifically Calanus helgolandicus). These sharks were 
also found to locate their prey by foraging along thermal fronts (characterized by unusual horizontal 
gradients in water temperature, that separate warm and cold waters; Sims et al., 2000) -conditions 
that are known to support high plankton populations (Sims and Qualye, 1998). 
Perhaps the most unusual filtration device is that of the non-lamniform whale shark R. typus. 
Unlike, M. pelagios or C. maximus, the filtering apparatus of R. typus is not restricted to the margins 
of the internal gill slits. In this shark, an intricate arrangement of flattened, triangle-shaped parallel 
plates traverses the internal gill slits, forming a dense grid (Taylor et al., 1983; Compagno, 1984). 
Unlike C. maximus, the complex, dense network of plates found in the whale sharks prohibits the 
filtration of large volumes of water, and hence the capture of the small prey preferred by C.maximus 
(Taylor et al., 1983). However, since R. typus also employs a type of "suction filtration", the filtering 
apparatus of the whale shark, unlike that of Cetorhinus, is not dependent on the shark's forward 
movement through the water. R. typus often sits stationary in a vertical position near the surface of 
the water, and utilizes the expansion of the "bellows-like" pharynx to suck food into its large, slot 
shape, terminal mouth (Taylor et al., 1983). The shark is not limited to the small organisms utilized 
by Cetorhinus and can hence exploit a variety of food items including squid and small tuna (Taylor et 
al., 1983; Compagno, 1984a}. Other orectolobiform sharks employ a suction style of feeding but only 
in the whale shark has it been adopted for filter-feeding (Compagno, 1984a). 
Both basking sharks and whale sharks are strong swimming sharks that inhabit nutrient rich 
waters. This is in stark contrast to M. pelagios, which, based on both anatomical characters such as 
its soft, flabby musculature and poorly calcified skeletal elements and tracking is an inactive shark, 
that lives in deep-water habitats with limited nutrients (Taylor et al., 1983; Diamond, 1985; Nelson et 
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al., 1997). How does the megamouth shark, which attains lengths of S.Sm, survive in these nutrient 
depleted depths? While adaptations to the nutrient poor environments inhabited by these sharks are 
still being investigated (for example, analysis of the intestine reveals an increased digestive capacity 
as compared to other filter-feeding elasmobranchs; Yano et al., 1997) two major theories have been 
proposed to answer this question. The first is that the megamouth possess bioluminescent tissue in its 
mouth believed to lure prey at depth; and the second is that these sharks are vertical migrators, which 
follow plankton populations (Taylor et al., 1983; Diamond, 1985). 
Since feeding in megamouths has never been witnessed directly, inferences on this subject 
must be made through anatomical studies. M. pelagios possesses a jaw articulation designed to 
substantially increase the volume of the pharynx while creating a significant anterior protrusion of the 
jaw (Compagno, 1990b). The sparse distribution of dermal denticles on the throat of Megachasma 
also supports the idea that the throat of this shark is easily expandable (Nakaya et. al., 1997). Given 
this information, Compagno (1990b) suggests that megamouths feed by swimming slowly through 
the water, with their mouths open and then quickly snapping its jaws forward, while expanding the 
throat, thus creating a suction that forces water into the mouth. The reverse of this action would force 
water out through the gills, which are guarded by the elaborate gill-rakers, thus filtering any 
organisms, including krill (Euphausiacea), copepods and jellyfish present in the water (Berra and 
Hutchins, 1990; Compagno, 1990b). Prey is believed. to be concentrated in front of the mouth by the 
iridescent, possibly bioluminescent, tissue in the mouth (Taylor et al., 1983; Diamond, 1985; 
Compagno, 1990b). 
Bioluminescence in megamouths, however, is still speculative since analyses of tissue 
samples, while promising, are still inconclusive (Compago, 1990b) and the only study conducted on a 
living megamouth showed no evidence of luminescence, even at night (Lavenberg, 1991). Nakaya et 
al. (1997) and Nakaya (2001) state that bioluminescent tissue may not be the only mechanism utilized 
by megamouths to maximize feeding potential. These authors note that all megamouths captured to 
date possess a prominent white band along the margin of their upper jaw that is only visible when the 
upper jaw is protruded. When exposed, the white band would be in spectacular contrast against the 
black skin of the head and the darkness of the deep sea. Since this band is associated with 
movements of the jaw, and i s situated in front of the mouth, it is believed its function may be 
associated with feeding and may serve to attract the bioluminescent shrimp found in the stomachs of 
these sharks (Nakaya et al., 1997; Nakaya, 2001). 
The first, and only, tracking experiment (see above) conducted on a megamouth shark 
revealed that, as previously suspected (Taylor et al., 1983), megamouth sharks are vertical migrators 
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(Nelson et al., 1997}. The depth changes displayed by the shark at first appeared to be influenced by 
changes in light levels. However, since changes in illumination are used as cues for vertically 
migrating euphausiid shrimp (a primary food source for Megachasma} it is believed that these sharks 
may simply respond to prey availability (Nelson et al., 1997}. Thus Megachasma is found in shallow 
depths in the evening when concentrations of shrimp are highest (Nelson et al., 1997). 
The morphological and behavior adaptations displayed by the three species of filter-feeding 
sharks are indeed remarkable. Each species of shark has developed its own unique method of 
exploiting a food source underutilized by chondrichthyian fishes. The variety in both the design and 
usage of the filtration apparatus as well as the various behavioral mechanisms utilized to maximize 
feeding are truly some of the most unusual traits seen in living elasmobranchs. 
Family Mitsukurinidae 
In 1897, Kakichi Mitsukuri, a distinguished professor of Zoology at the University of Tokyo, 
brought a specimen of a rather unusual shark to the International Fur Seal Conference in the United 
States. The animal was obtained from a Japanese fisherman by Captain Alan Owston, who 
immediately recognized the uniqueness of the specimen. The shark was subsequently described by 
David S. Jordan and named Mitsukurina owstoni in honor of Professor Mitsukuri and Captain Owston 
(Jordan, 1878; Bean, 1905). The "grotesque appearance" (Dean 1903) was indeed remarkable: The 
snout formed a "long, flat, flexible, leaf-like blade" which protruded well in front of the head, and the 
"thin, flexible and papery" fins were attached to an elongate body in which the "flesh and skeleton 
[were] extremely limp, folding like a wet rag" (Jordan, 1898). The type specimen, a 107cm male, 
believed to be immature, was designated as a new genus in a new family, the Mitsukurinidae. It was 
considered of "lamnoid affinities" and related to the genera Carcharias and Odontaspis (Jordan, 
1898}. The shark was also remarkable since it resembled extinct Cretaceous sharks in the genus 
Scapanorhynchus (Dean, 1903). This resemblance resulted in a debate over the correct genus for the 
living species (Mitsukurina versus Scapanorynchus) until examination of fossil Scapanorhynchus by 
Capetta (1980) supported their separation into two distinct genera (Chapter Three). 
An exhaustive search among Japanese fisherman failed to produce a second specimen of M. 
owstoni, and indeed it appeared that no one had even heard of the shark (Jordan and Fowler, 1903). 
Several years later, a large (3.53m) female was caught, supporting the notion that the type specimen 
was indeed immature. It appeared that the shark was quite common in a local Japanese fishing 
community in which it was locally known as tengu-tame, the goblin or elfin shark (Jordan and 
Snyder, 1904). The area was considered a possible breeding ground since predominately female 
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sharks were captured but only during the spring. Remarkably, fisherman only four miles away had 
never heard of the shark (Jordan and Synder, 1904). 
Early records of Mitsukurina showed the variation in length within this species. The largest 
recorded specimen of M. owstoni is 3.84m (Stevens and Paxton, 1985; Compagno, 2001) while the 
smallest record, approximately 1 m, is comparable in size to the type specimen (Stewart and Clark, 
1988). Males and females are mature around 2.6m and 3.4m, respectively, although due to the 
paucity of specimens, both sexes may attain maturity before this (Compagno, 2001). Pregnant 
females have yet to be recorded (Compagno, 2001). 
Although four species of Mitsukurina have been named from extant specimens (M. owstoni, 
M. dofleini, M. nastus, M. jordani; Hussakof, 1909) it appears that these all represent the same 
species, M. owstoni (Bass et al., 1975). Although M. owstoni has been known since the late 1800's, it 
is still poorly known scientifically. It is a very deep-water shark, usually caught between 300-1300m 
and as such is not often seen (Duffy, 1997). Reports of goblin sharks in shallower water are 
occasionally, though rarely reported (Duffy, 1997; Ugoretz and Seigel, 1999) 
Goblin sharks are usually light reddish gray to brownish in color, with dark brown fins 
(Jordan and Fowler, 1903). Certain smaller specimens (juveniles) were reported as having a 
conspicuous white spot on the dorsal surface of the head consistent with the presence of a "pineal 
window", a possible light-detecting organ common in deep-sea species (Duffy, 1997). This feature is 
not reported in adult specimens. Two specimens have been recorded with unusual color patterns 
consisting of skin that was either white to light purplish-gray and semi-transparent (Uyeno et al., 
1976), or transparent with the underlying blood vessels giving the specimen a pink hue (Duffy, 1997). 
The diet of M. owstoni is poorly known, and the species has never been observed feeding. 
Feeding mechanisms are inferred indirectly from its anatomy and stomach contents. The body 
musculature is weak and the caudal fins lack awell-developed ventral lobe, which indicate the shark 
is a poor swimmer (Duffy, 1997). The teeth are specialized for grasping (Bass et al., 1975; Castro, 
1983) and fit tightly together when the jaw is closed thus preventing small prey from escaping (Duffy, 
1997). The eyes are very small, and the snout is covered with sensory pits (Ampullae of Lorenzini) 
specialized for electroreception (Bass et al., 1975). The function of the elongate snout of goblin 
sharks is unknown and it has been suggested that it may be used for detecting prey buried in the ooze 
at the bottom of the ocean (Bass et al., 1975; Castro, 1983). 
However, an alternative feeding strategy in which this sluggish shark feeds in the water 
column has also been proposed. The long blade-like snout of Mitsukurina extends far beyond its 
highly protrusible jaws, and hence may detect prey which passes in front of the mouth (Duffy, 1997). 
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It is thought that M. owstoni feeds by remaining motionless or near-motionless in the water column, 
waiting for prey to swim close by. V~hen prey is detected with the snout, the jaws are rapidly 
protruded forward using specializations in branchial arches and associated musculature (Compano, 
2001). The throat is thin and pliable and forms apelican-like pouch, which together with the highly 
protrusible jaws, aids the shark in gulping prey (Compagno, 2001). Rapid projection of the jaws is 
accompanied by depression of the tongue, which expands the volume of the buccal cavity and creates 
a suction, used to suck up prey. The jaws then shut tight with prey caught in the zipper-like occlusion 
of the teeth (Duffy, 1997; Compagno, 2001). Significant expansion of the buccal cavity suggests that 
M. owstoni has the ability to engulf large prey; in mesopelagic teleosts, similar features are considered 
adaptations to low-prey environments (Duffy, 1997). 
Bass et al. (1975) suggested that, based on anatomical features, Mitsukurina fed on squid and 
fish; stomach contents from several goblin sharks verified this assumption (Stevens and Paxton, 1985; 
Duffy, 1997; Ugoretz and Seigel, 1999). Duffy (1997) found ostracods, mesopelagic squids and 
teleosts, indicating that this shark feeds in mid-water. These prey items include species that vertically 
migrate (Duffy, 1997), and may explain why M. owstoni is occasionally found in shallow water. 
Goblin sharks display irregular distribution patters in the Pacific, Atlantic, and Indian Oceans, 
with catches from only a few known localities, such as Japan, France, Portugal, Guyana, South 
Africa, California, Southern Australia, and New Zealand (D' Aubrey, 1969; Glover, 1976; 
Piotrovskiy and Prut' ko, 1977; Castro, 1983; Noden, 1984; Stewart and Clark, 1988; Duffy, 1997; 
Ugoretz and Seigel, 1999). The majority of goblin sharks are caught in Sagami Bay, Japan (Stevens 
and Paxton, 1985; Duffy, 1997). Fossil remains of M. owstoni are recorded from the Mediterranean 
Sea, but it is not known to exist here today (Cigala Fulgosi, 1986). 
Family Pseudocarchariidae 
In 1936 Professor Toshij i Kamohara noticed an unfamiliar shark on a trip to a Japanese fish 
market. This shark, known as Mizu-wani or crocodile shark, by the local fisherman was formally 
named and described in his honor as Carcharias kamoharai by Matsubara (1936). In subsequent 
years new species of crocodile sharks were described, including Carcharias yangi from Taiwan and 
Carcharias pelagicus in Madagascar. However, D' Aubrey (1964) synonymized these species under 
Carcharias kamoharai. Compagno (1973) disagreed with the inclusion of C. kamoharai in 
Carcharias, and raised it to its own genus, Pseudocarcharias (previously used as a subgenus), and its 
own family, Pseudocarchariidae, based on morphological criteria (Chapter Two). 
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P. kamoharai is the smallest living lamniform species, with a maximum known length of 
1.1 m (Last and Stevens, 1994). Size at birth is about 40cm, and males and females mature at around 
74cm and 89cm, respectively (Matsubara, 1936; Last and Stevens, 1994; Compagno, 2001). The 
crocodile shark has huge eyes, gill openings that extend onto the dorsal surface of the head, a large 
mouth lined with long and slender teeth, and jaws that are strong and highly protrusible (Compagno, 
2001). The body is more slender than in other lamniforms. It is counter-shaded with a dark brown 
dorsal surface and pale belly, sometimes with dark blotches on the sides and ventral surface and fins 
with white or translucent edges (Last and Stevens, 1994). The dorsal color has also been described as 
gray-brown to "muddy lilac" (Romanov and Samarov, 1994). A prominent white blotch behind the 
mouth has been described in some specimens (including the type specimen) and embryos, especially 
those from the Pacific Ocean (Matsubara, 1936; Abe et al., 1969; Bass et al., 1975), but not other 
specimens (D' Aubrey, 1964). 
The color pattern displayed by crocodile sharks indicates this is an epipelagic shark 
(Compagno, 2001) since counter-shading is beneficial only in areas penetrated by light. This habitat 
is also supported by the fact that it is frequently caught in pelagic longlines (Compago, 2001). The 
large, non-reflective eyes suggest nocturnal behavior and, as in megamouths, crocodile sharks may 
exhibit Biel vertical migration pattens (Compagno, 2001). 
The feeding habits of the crocodile shark are poorly known. The strong jaws and grasping 
dentition, combined with the strong musculature and large caudal fin suggests that this is an active 
species (Comagno, 2001). It will jump out of the water to seize bait, and is aggressive when 
captured, snapping its jaws vigorously (Compagno, 2001). Thus, it appears that the crocodile shark is 
an active swimmer capable of chasing prey. Bass et al. (1975) suggested that the teeth were designed 
for grasping, not cutting, so it probably fed on small prey, such as squid and small pelagic fish. This 
was confirmed by stomach contents, which show that it feeds on small fish, shrimp and squid 
(Compagno, 2001). 
P. kamoharai has a widespread but patchy distribution in the world's oceans. It has been 
recorded in the epipelagic and mesopelagic zones of tropical and subtropical waters of the Pacific, 
Atlantic and Indian Oceans (Last and Stevens, 1994: Romanov and Samarov, 1994). This species is 
caught at depths of between the surface and 590m, and though usually found in deep oceanic waters, 
it is occasionally found inshore (Last and Stevens, 1994). It has been found as far north as Japan and 
Baja California and as far south as South Africa, Peru and New Zealand (Matsubara, 1936; 
D' Aubrey, 1964; Long and Seigel, 1996; Bearez, 2001; Stewart, 2001). 
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The crocodile shark is of no commercial value, and is a common bycatch of fishing 
expeditions that target tuna and squid (Compagno 2001); in fact, Pseudocarcharias may be prone to 
capture by methods used by such commercial fisherman, since it uses its strong, wide jaws to grab 
bait off longlines. Even though it is frequently caught in some areas, the biology of the crocodile 
shark is still poorly known. Since these sharks are small and not considered edible, crocodile sharks 
are often regarded as "trash fish" (Abe et al., 1969). As "trash fish", crocodile sharks are discarded 
and not recorded, and so information concerning the number of these sharks caught may be 
significantly understated (Hazin et al., 1989). In addition, since crocodile sharks are often 
misidentified (Compagno, 2001), capture records may be also be biased when Pseudocarcharias is 
mistaken for other sharks (Hazin et al., 1989). 
Since it is unknown exactly how many crocodile sharks are caught and killed annually, the 
conservation status of this shark remains unknown. Due to the lack of data and the risk factors listed 
above, P. kamoharai was listed as Limited Risk (Near Threatened) on the Red List of the IUCN 
Shark Specialist Group (Castro et al., 1999; Compagno, 2001). Ironically, the liver of crocodile 
sharks is very large and rich in squalene (Abe et al., 1969); hence these sharks may actually be 
commercially valuable (Compagno, 2001). Their small size (cited as one of the reasons for their 
"trash fish" status) may make them amenable to captivity, and if so, would significantly enhance the 
opportunity to observe this poorly known shark (Compagno, 2001). 
Family Odontaspididae 
The family Odontaspididae contains two extant genera with three living species: Carcharias 
taurus {sand tiger), Odontaspis ferox (ragged-toothed shark or small-toothed sand tiger), and O. 
noronhai (big-eyed sand tiger). The sand tiger, C. taurus, is the only lamniform to be successfully 
kept in captivity, and is one of the more common sharks kept in public aquaria. As a result, C. taurus 
is one of the best known of all shark species, and its behavior has been observed extensively. In 
captivity, they can live at least 13 years (Pollard, 1996). At the opposite extreme, the big-eyed sand 
tiger, O. noronhai, is arguably the most poorly known lamniform species, since it is known only from 
a handful of specimens. C. taurus and O. ferox were both named in the early 1800's, whereas O. 
noronhai was not named and described until 1955. 
The generic placement of C. taurus has caused significant controversy. Although the genus 
Carcharias was named before Odontaspis, the name Odontaspis came to be more widely used, and so 
a group of British paleontologists (E.I. White, W. Tucker, N.B. Marshall} argued that the name 
Odontaspis should replace Carcharias as the valid genus name for sand tigers. The International 
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Commission of Zoological Nomenclature (ICZN} agreed, and the name Carcharias was suppressed in 
favor of Odontaspis. However, morphological analysis of these species subsequently revealed that O. 
taurus and O. ferox did not belong in the same genus as C. taurus. The species taurus was therefore 
put in a separate genus; but different authors disagreed over what this genus should be called. In the 
literature, this species has been called Eugomphodus taurus and Synodontaspis taurus, as well as 
Carcharias taurus and Odontaspis taurus. In 1987, the ICZN reinstated Carcharias as a valid genus 
(in response to a petition by Leonard Compagno and William Follett), and so C. taurus became the 
valid name for the sand tiger shark, and is used here. This is relevant to the fossil record (Chapter 
Three), as fossil odontaspidids thought to be related to C. taurus have been put in the genera 
Eugomphodus and Synodontaspis. 
Carcharias 
Carcharias taurus is a large, stocky shark with a very "toothy" appearance, since the teeth 
clearly stick out from the jaws. Although the maximum known length of this species is 4.3m, most 
specimens are less than 3.4m (Krogh, 1994; Pollard, 1996). It reaches sexual maturity at around 1.9m 
for males, and 2.2m for females (Gilmore et al., 1983; Branstetter and Musick, 1994; Compagno, 
2001). The eyes are smaller than other known odontaspidids. C. taurus is light brown in color, 
darker dorsally than ventrally, and often with dark reddish or brownish spots along the body 
(Compagno, 2001). 
Groups of C. taurus feed cooperatively, surrounding and rounding-up schooling fish (Smith 
and Pollard, 1999). These sharks thrash their tails (known as "tail-thumping") in an effort to scare 
and confuse these fish (Pollard, 1996). Groups of C. taurus may exhibit a feeding hierarchy, with the 
dominant individuals feeding first (Pollard, 1996). Hydroids are occasionally observed growing on 
their teeth, and from this it has been inferred that they are not feeding during these times (Pollard, 
1996). C. taurus feeds on a wide range of teleosts, smaller sharks and rays, squids and crustaceans 
(Pollard, 1996). Larger C. taurus eat proportionally less food than smaller and younger individuals in 
captivity, suggesting that the growth rate is most rapid in juveniles, and decreases into adulthood 
(Schmid et al., 1990; Branstetter and Musick, 1994). These results are similar to those observed for 
wild C. taurus (Schmid et al., 1990). 
C. taurus is a wide ranging species in temperate and subtropical coastal waters of the Atlantic 
Ocean, Mediterranean Sea, and western Pacific Ocean (Compagno, 1990a; Pollard, 1996). It is 
common (but see below} inshore along the continental coasts of southeastern North America, 
Australia (but not Tasmania), and South Africa (Compagno, 1990a). Worldwide migration patterns 
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are not understood (Smith and Pollard, 1999). It is generally found at depths between 15 and 25m, 
although occasionally it is reported as deep as 200m (Smith and Pollard, 1999). C. taurus is often 
found in very shallow water less than 4m deep (Castro, 1983). These sharks are often reported as 
hovering motionless in shallow water during the day. This is accomplished by their excellent 
buoyancy control: they rise to the surface to gulp air, and this helps them maintain neutral buoyancy. 
This is very unusual for sharks, and unique among Lamniformes (Feldmeth and Waggoner, 1972). 
These sharks appear to be more active at night when they are seen swimming slowly but strongly 
through the water. 
The sand tiger is a very fierce-looking shark, and this is one of the reasons they are a popular 
features in public aquaria. Unfortunately, because of their formidable appearance, they were once 
assumed to be man-eaters, and hunted. In the past, C. taurus was the target of sportfishing, and shot 
with spears and explosive powerheads, mostly in Australia and South Africa (Compagno, 1990a). In 
reality, these sharks are sluggish and docile. They are easily killed since, as mentioned above, they 
often hover motionless in shallow, inshore water (Pollard, 1986). Large numbers of these sharks are 
known to congregate, particularly during mating season and as many as 80 sand tigers were spotted 
clustered together off South Africa (Castro et al., 1999; Smith and Pollard, 1999) ! All these factors 
made C. taurus an easy target. The low birth-rate also makes this species vulnerable to over-fishing 
(Branstetter and Musick, 1994; Castro et al., 1999). 
When its non-aggressive nature was realized, C. taurus became even more attractive as a 
trophy kill, since they were unlikely to put up a fight (Pollard, 1986). Divers noticed that numbers of 
C. taurus were declining, and in 1984, the State of New South Wales in Australia officially protected 
C. taurus, banning hunting and sportfishing, and requiring a permit from aquaria to capture and 
display them (Pollard, 1986). Thus C. taurus became the first shark species in the world to be 
protected. C. taurus is now protected across all of Australia (Pepperell, 1992). 
C. taurus populations in other parts of the world were also in decline. The United States 
witnessed a steep decline in sand tiger sharks during the 1990's. Reduction in the numbers of sand 
tiger sharks were estimated to be as high as 75%, and populations disappeared completely off North 
Carolina and Florida (Pollard, 1986). So in 1997, the U.S. prohibited all directed (recreational and 
commercial) fishing along the Atlantic Coast (Castro et al., 1999). Populations were also dwindling 
in other areas, such as South Africa (Smith and Pollard, 1999). In 1996, C. taurus was listed by the 
IUCN as vulnerable to extinction. Although hunting and fishing are prohibited, their numbers may 
still be adversely affected through accidental capture, as a result of bycatch and entanglement in nets 
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designed to protect public beaches from dangerous shark species (Smith and Pollard, 1990; Krogh, 
1994). 
Odontaspis 
The genus Odontaspis contains two species, O. ferox and O. noronhai, of which the former is 
by far the better known. The two species can be distinguished by dentition (Chapter Two), color and 
by the larger eyes in O. noronhai. O. ferox is lighter in color, often gray or gray-brown and lighter 
ventrally, with dark spots on its sides, but without a white tip on its first dorsal fin; whereas O. 
noronhai is a dark reddish color and often has a prominent white "blotch" on the tip of its first dorsal 
fin. Young specimens of O. ferox possess black margins on their fins that are absent in adults 
(Compagno, 1990; Villavicencio-garayzar, 1996). Odontaspis species are similar in appearance to C. 
taurus, with the same fierce "toothy" look (hence the species name ferox). Sand tigers of the genus 
Odontaspis are also large, bulky sharks, but with a deeper belly than observed in C. taurus, due to 
their much larger livers (see below; Abe et al., 1968; Garrick, 1974). Early descriptions (1800's to 
early 1900's) of O. ferox were inaccurate and include significant variation in tooth count, position of 
dorsal fins, and color (gray versus red with spots). Color variation within the species led to the 
description of a new species, O. herbsti that was later synonymized with O. ferox (Daugherty, 1964; 
Compagno, 1984; Bonfil, 1995}. 
O. ferox can reach up to 4.1 m in body length, is about 1 m at birth, and matures at 2.75m in 
males and at least 3.64m in females; these sharks presumably reach sexual maturity below this size 
(Seigel and Compagno, 1986; Compagno, 2001). Three captured adult male specimens of O. 
noronhai were 3.2-3.4m, while one female was immature at 3.21m, and another was adult at 3.26m 
(Sadowsky et al., 1984; Branstetter and McEachran, 1986; Compagno, 2001). 
Only six specimens of O. noronhai have been collected in total, of which only four are 
complete (Shimada, 2001). The type specimen (a 1.7m female) was caught off Madeira (northeast 
Atlantic; Maul, 1955). O. noronhai is known from southern Brazil, the Gulf of Mexico, Hawaiian 
Islands, Marshall Islands and possibly the Seychelles and South China Sea (Sadowsky et al., 1984; 
Branstetter and McEachran, 1986; Humphreys et al., 1989). The head of one of the specimens 
collected off Brazil was estimated to come from an individual that measured around 3.6m, which is 
the largest recorded size for this species (Sadowsky et al., 1984). 
Stomach contents for O. ferox indicate that it feeds on small bony fishes, squid, crustaceans 
and rays (Compagno, 1984, 1990a). The diet and feeding habits of O. noronhai are very poorly 
known, but stomach contents from one individual included a squid beak and otoliths of teleost fish 
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(Branstetter and McEachran, 1986). A male specimen caught in deep-water off Hawaii was very 
aggressive (Humphreys et al., 1989), suggesting the shark may be an active predator. The teeth of O. 
ferox and O. noronhai are smaller, and less specialized for cutting than those of C. taurus, while the 
posterior teeth are less specialized for crushing compared to C. taurus (Compagno, 2001). These 
features suggest that Odontaspis species feed on smaller, less active and softer-bodied prey than C. 
taurus (Compagno, 2001). The longer body cavity of both Odontaspis species has a very large, oily 
liver, full of squalene (Abe et al., 196$; Branstetter and McEachran, 1986) that is believed to assist in 
maintaining neutral buoyancy (Compagno, 2001). 
O. ferox is a relatively uncommon deep-water species with awide-ranging but spotty 
distribution in the world's oceans (Dougherty, 1964; Abe et al., 1968; D'Aubrey, 1969; Garrick, 
1974; Gubanov, 1985; Galvan-Magana et al., 1989; Compagno, 1990a; Bonfil, 1995; Villavicencio-
Garayzar, 1996). O. ferox is apparently absent from the southeastern Atlantic and southeastern 
Pacific Oceans (Bonfil, 1995). Although first described in the Mediterranean,. it appears to be 
uncommon here; but this may be due to the fact that it mostly lives in deep-water (Daugherty, 1964). 
The spotty distribution of O. ferox may be due to a preference for certain habitats, or due to the 
paucity of deep-water fishing expeditions (Bonfil, 1995). The second species, O. noronhai, has an 
even spottier distribution (see above); although it is reported from all three major oceans, its presence 
in the Indian Ocean is questionable. 
Aside from deep-water catches, O. ferox specimens are sometimes caught in open pelagic 
waters especially during early morning and late evening, suggesting possible diel vertical migrations 
(Bonfil, 1995). These sharks are usually found at a depth of 250-300m (Kobayashi et al., 1982) but 
some specimens have been taken between 12-15m and close to shore (Daugherty, 1964). O. noronhai 
is also considered adeep-water shark (at least 450m; the type was caught at a depth of 800-1000m); 
but it has also been captured in water less than 100m deep (Branstetter and McEachran, 1986; 
Shimoda, 2001). The capture of one O. noronhai specimen (Marshall Islands) at night at a depth of 
75m over extremely deep oceanic water (4500-5300m deep) may suggest diel vertical migration in 
this species as well (Compagno, 2001). The very large eyes and uniform dark coloration of O. 
noronhai are also consistent with adeep-water habitat (Compagno, 2001). Most of the recorded 
catches of O. noronhai are from southern Brazil, where it is known by local fisherman (Sadowsky et 
al., 1984; Amorim et al., 1998). However, it is only caught off Brazil in the southern spring season, 
suggesting seasonal migration (Sadowsky et al., 1984). 
O. ferox is fished for meat, squalene and fins in some parts of the world, but does not appear 
to be exploited (Compagno, 1990a; Castro et al., 1999). O. noronhai is of no commercial value 
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(Compagno, 1990a), and it is probably too deep to be frequently caught by commercial fisheries 
(Compagno, 2001). 
Family Alopiidae 
The family Alopiidae (thresher sharks) contains only one living genus, Alopias. Thresher 
sharks have been known to humans since ancient times; the philosopher Aristotle (384-322 B.C.) was 
familiar with thresher sharks, and described their behavior (Gruber and Compagno, 1981). Only three 
extant species are currently recognized: the common thresher {A. vulpinus), the big-eyed thresher (A. 
superciliosus), and the pelagic thresher (A. pelagicus). Threshers are considered harmless to humans, 
although there are two reports of an undetermined Alopias species attacking boats (Bass et al., 1975). 
Threshers are best known for their greatly elongated tails that can be as long as the rest of the 
body. Since only the upper caudal lobe is elongated, the tail is highly asymmetrical in lateral view. 
Threshers are believed to use this specialized tail to whip, and stun (or kill) their prey (Gubanov, 
1972; Gruber and Compagno, 1981). Gubanov (1972) provided evidence for this theory by noticing 
that 97% of A. vulpinus specimens were hooked by the tail when attempting to strike the live bait. 
These same results were also observed for A. superciliosus (Stillwell and Casey, 1976). In addition to 
attacking individual fish, threshers are known to feed on schools of fish. They confuse these fish by 
thrashing their tails at the surface and leaping out of the water. The shark then corrals the fish by 
swimming in a circle until it concentrates its prey, at which point it feeds by actively engulfing the 
fish huddled in the confused mass (Bass et al., 1975). At least one species (A. vulpinus) has been 
reported to act cooperatively in herding prey (Compagno, 2001). 
In addition to feeding on small species of schooling fish, threshers are known to capture a 
variety of prey (Bass et al., 1975). For example, A. vulpinus eats squid, octopus and pelagic 
crustaceans and is also known to whip sea birds with its tail, and eat them (Bass et al., 1975; 
Compagno, 2001). A. superciliosus appears to have a more varied diet that includes a higher 
proportion of bottom-dwelling prey, as well as pelagic fishes and especially squid (Stillwell and 
Casey, 1976; Compagno, 2001). A. superciliosus has also been known to eat small elasmobranchs 
(Bass et al., 1975; Compagno, 2001). 
Feeding in A. superciliosus may also be augmented by its greatly enlarged eyes (hence the 
name big-eyed thresher) that can roll up onto the dorsal surface of the head (Gruber, 1980). This 
adaptation is unique among threshers, and is thought to increase the visual field of this shark, 
allowing it see prey directly above it and strike from below (Gruber, 1980; Gruber and Compagno, 
1981). A. superciliosus is also characterized by a V-shaped, horizontal groove (the nuchal groove; see 
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Chapter Two), which is also found in certain teleost fish; it is believed that these grooves might make 
the shark more hydrodynamic, and improve maneuverability (Gruber and Compagno, 1981). 
The three Alopias species differ in size. The largest species is A. vulpinus, which measures 
up to at least 5.7m with unconfirmed reports of individuals measuring 7.6m long (Compagno, 2001). 
It seems that these may be extreme examples however, since most individuals are around 4.0-4.9m 
(Bass et al., 1975). A. pelagicus, which attains a total body length of less than 3.7m, is the smallest 
thresher (Compagno, 2001) while A. superciliosus achieves a body length of at least 4.6m 
(Compagno, 2001). Size at birth is around 1.1 to 1.6m for A. vulpinus; 1.0 to 1.4m for A. 
superciliosus; and 1.3 to 1.6m (possibly up to 1.9m) for A. pelagicus, despite being the smallest 
species as adult (Bigelow and Schroeder, 1948; Bass et al., 1975; Compagno, 2001}. All three 
species grow slowly, and reach maturity at a large body size and a late age (e.g., for A. superciliosus 
12.3-13.4 years old for female, and 9-10 years for males, at a body length of 3.Sm and 2.7-2.9m, 
respectively; Stillwell and Casey, 1976; Liu et al., 1997). 
Size at maturity and number of offspring within particular Alopias species varies according to 
location (Gubanov, 1972; Caillet and Bedford, 1983; Liu et al., 1997; Compagno, 2001) and may 
indicate separate populations. Eitner (1995) examined allozymes from threshers in various localities. 
This study found that specimens believed to be A. superciliosus from Baja California were 
significantly different compared to other A. superciliosus specimens. For example, 8 out of 13 loci 
were different in the Baja specimens, with four of these eight sites completely unique 
(autapomorphic). One particular locus was missing from all but one of the eight Baja California 
specimens. Eitner attributed this high degree of genetic divergence to the presence of an 
unrecognized Alopias species off Baja California. 
A. vulpinus has the most extensive geographical distribution of the threshers (but see below). 
It is found in oceanic and coastal waters, and although most common in temperature waters, A. 
vulpinus is also found in tropical and cold waters. It is found throughout all major oceans (as well as 
the Mediterranean), as far north as the shores of Canada and Scandinavia, and as far south as 
Patagonia and New Zealand (Gubanov, 1972; Compagno, 2001). A. vulpinus appears to be the only 
thresher that can tolerate such temperature variation. A. vulpinus is known to have seasonal 
migrations off the west coast of North America (Compagno, 2001). 
When A. superciliosus was first named and described in 1839 (off Madeira, southwest 
Europe) it was not reported again until 100 years later. It was therefore believed that this was a very 
rare species of shark, possibly due to its preference for deep-water (Nakamura, 1935). However, 
although A. superciliosus can go down to a depth of at least SOOm (Gruber and Compagno, 1981), it, 
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as well as all Alopias species, can be found close to the surface in shallow inshore waters (Bass et al., 
1975; Compagno, 2001). In addition, the increase in commercial fishing for swordfish, which has a 
similar habitat to A. superciliosus, has resulted in the frequent capture of this shark (especially in 
Russia, Japan and Cuba) indicating that it is abundant with a wide distribution (Gruber, 1980). As 
with A. vulpinus, the distribution of A. superciliosus is also circumglobal, but it favors tropical and 
temperate seas; thus, although found in the Atlantic, Pacific and Indian Oceans (and the 
Mediterranean), its range does not extend as far north or south as that of A. vulpinus (Bass et al., 
1975; Cigala Fulgosi, 1983; Compagno, 2001). A. pelagicus has the most restricted range of the three 
threshers, and is found only in the Indian and Pacific Oceans, where it favors tropical latitudes 
(Compagno, 2001 }. 
Unfortunately, despite their wide distribution, all three Alopias species are either threatened 
or endangered. A. vulpinus was once exploited for oil (the liver is rich in Vitamin A), but now this 
shark is fished for its flesh and fins (Compagno, 1990a). The flesh and fins of A. superciliosus are 
considered of poorer quality than A. vulpinus, and usually discarded, but are marketed in some 
countries, such as Taiwan, where this species makes up as much as 13% of the total annual shark 
catch (Liu et al., 1997). A. vulpinus is also a prized sports fish, popular with anglers because it puts 
up a fight (Compagno, 1990a). All three thresher species are often caught as bycatch, particularly by 
swordfish and tuna fisheries (Castro et al., 1999). Threshers are especially vulnerable to over-fishing, 
due to their slow growth, low fecundity (litter of two pups per brood for A. superciliosus and A. 
pelagicus, and four-to-six per brood for A. vulpinus) and their frequency as bycatch (Castro et al., 
1999). 
Estimates of annual catches of Alopias species are poorly known. This is compounded by the 
fact that A. vulpinus and A. pelagicus are easily confused. However, there is one example where 
over-fishing was found to adversely effect thresher shark populations. In Californian waters, threshers 
and other sharks were targeted for meat in the 1970's as an alternative to red meat. The use of 
driftnets dramatically increased the efficiency of captures: for example, in 1982 1059 metric tons 
(129,000 pounds) of A. vulpinus were caught (Caillet and Bedford, 1983). As a result of such intense 
pressure, the industry collapsed due to the swift decline of A. vulpinus. Legislation was passed in 
1986 that limited the targeted fishing of threshers to the month of May every year and although 50% 
of threshers are caught during this period, the remaining 50% represent bycatch. In addition both 
catches consist mostly of immature (one- or two-year-old) A. vulpinus; hence, off California, where 
this species was once abundant, A. vulpinus may be facing local extinction (Castro et al., 1999). 
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Family Lamnidae 
The family Lamnidae includes five living species in three genera: Lamna, Isurus, and 
Carcharodon. This group includes fast and powerful predators, and all species seem to have 
strategies to avoid cannibalism of juveniles. Endothermy has been demonstrated for all members of 
this group (see below). 
Lamna 
The genus Lamna contains two species: the porbeagle (L. nasus) and the salmon shark (L. 
ditropis). Although L. nasus was described over 200 years ago, L. ditropis was not named until 1947. 
While there have been several accounts of Lamna circling and bumping boats, as well as charging at 
divers, there have been no reports of attacks on humans (Paust and Smith, 1986; Compagno, 2001). 
This fact, however, may be influenced by their habitat preference (see below) as these are certainly 
large and powerful predators. Both species are commonly caught, but their biology is not well 
known. 
Lamna species are robust, stocky sharks that are sometimes confused with Carcharodon due 
to their outward appearance. Like the great white, both Lamna species are gray over most of the 
body, but with a white underbelly. These species differ in color: the free rear tip of the first dorsal fin 
of L. nasus is white, whereas in L. ditropis the area above the pectoral fin base is white, and the 
ventral surface of both the head and abdomen display "dusky blotches" (particularly in North 
American specimens, although Southern Hemisphere specimens may also display blotches). 
Lamna are also smaller than Carcharodon: both L. nasus and L. ditropis have a maximum 
length of around 3m, although specimens up to 3.7m (and possibly up to 4.3m for L. ditropis) have 
been reported but not confirmed (Paust and Smith, 1986; Compagno, 2001). Size at birth is 60-80cm 
for L. nasus, and slightly smaller for L. ditropis (40-85cm; Last and Stevens, 1994; Compagno, 
2001). For L. nasus, size at maturity is 2.0 —2.Sm for females and 1.5-2.Om for males (Francis and 
Stevens, 2000; Compagno, 2001). For L. ditropis, females mature at around 2.2m and males mature 
at around 1.82m (Compagno, 2001). Growth in L. nasus is considered very rapid, especially in the 
first few years, and both Lamna species are considered to have long life spans of between 20 to 30 
years (Francis and Stevens, 2000; Compagno, 2001). 
Lamna prefer cool to cold waters. This shark can live in low temperatures {down to 1-3°C) 
due to its endothermic adaptations. In fact, L. ditropis possesses the highest known body temperature 
of any shark, and can raise its body temperature 13.6°C above ambient temperature (see below). Both 
L. nasus and L. ditropis are primarily epipelagic, but are occasionally found in inshore shallow water, 
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as well as deep water. For example, L. nasus has been reported in water 1200m deep, while L. 
ditropis can be found at a depth of at least 225m (Amorim et al., 1998; Compagno, 2001). A juvenile 
L. nasus was even found in a coastal lagoon in Argentina, indicating a tolerance for brackish water in 
this species (Lucifora and Menni, 1998). 
Although both species prefer cold waters, they do not have overlapping distributions. L. 
nasus is found in the North Atlantic, as far north as Greenland and above Scandinavia, but only as far 
south as Morocco (Compagno, 2001). It is also found across a circumglobal belt that includes the 
southern regions of the Pacific, Atlantic and Indian Oceans (Compagno, 2001). This southern belt is 
very restricted and extends as far south as the southern tip of South America, but only as far north as 
the southern parts of Brazil, Australia and South Africa (Compagno, 2001). L. ditropis is found only 
in the North Pacific, as far south as Japan and southern California, and as far north as the Alaskan and 
Siberian coastlines (Bering Sea; Compagno, 2001). Although tolerant of cold water, both species 
appear to seasonally migrate in a north-south direction in order avoid temperature extremes found in 
these areas (Paust and Smith, 1986; Nakano and Nagasawa, 1996). These migrations may be 
extensive: for example, L. ditropis migrates from waters in Japan to the Bering Sea, a distance of 
3230 km (B lagoderov, 1994; Compagno, 2001). 
Both species exhibit segregation by both size and sex (Blagoderov, 1994; Ellis and Shackley, 
1995; Nakano and Nagasawa, 1996; Nagasawa, 1998). Adults are found in the coolest waters of their 
respective ranges. Sexual segregation is especially strong in L. ditropis, in which males are found in 
the western North Pacific, whereas females are found in the eastern North Pacific. It is possible that 
breeding grounds and feeding grounds are separate: males may not enter the breeding grounds, while 
females do not feed in such areas (Paust and Smith, 1986}. In addition to size segregation, this is 
believed to be another way of preventing cannibalism of juveniles (Lamna species do not appear to be 
cannibalistic, as juveniles are not found in the stomachs of adults; Paust and Smith, 1986). Very little 
is known of population structure in Lamna, but it is thought that L. nasus in the western and eastern 
North Atlantic comprise two separate populations (Compagno, 2001). 
In addition to avoiding temperature extremes, Lamna migrations may be guided by prey 
availability (Paust and Smith, 1986). For example, it has been suggested that L. nasus migrates to 
follow schools of Atlantic herring, whereas L. ditropis follow salmon populations (Paust and Smith, 
1986; Nagasawa, 1998). Indeed, L. ditropis acquired its common name of the salmon shark because 
it is believed to be the major predator of salmon in the Pacific Ocean (Paust and Smith, 1986; 
Nagasawa, 1998). L. ditropis may even target specific species of salmon, such as sockeye salmon 
and chum (Paust and Smith, 1986). Not all researchers believe that L. ditropis show such a strong 
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preference for salmon. Studies by Blagoderov (1994) found that the distribution of L. ditropis in the 
Bering Sea was outside the range of migrating salmon, and these sharks were instead feeding on 
pollock and herring. 
In addition to targeting specific fish species, Lamna will also feed on a wide variety of 
benthic and pelagic teleosts, and occasionally dogfish (Squalus aeanthias) and squid (Ellis and 
Shackley, 1995; Nagasawa, 1998; Compagno, 2001). Stomach contents of L. ditropis have also 
included crabs (Nagasawa, 1998), while those of L. nasus have included sea urchins and whelks, 
although these may have been swallowed accidentally (Gauld, 1989). Both species of Lamna are 
known to occasionally school and form feeding aggregations (Paust and Smith, 1986; Compagno, 
2001). They are voracious predators, and there are even reports of L. ditropis jumping high out of the 
water into dense patches of kelp to chase prey (Paust and Smith, 1986; Compagno, 2001).L. nasus 
and L. ditropis are both common bycatch of commercial fisheries (Gauld, 1989; Francis and Stevens, 
2000). Both are used for their fins and meat, although L. nasus seems to have a higher market value. 
In fact, L. nasus has been exploited by Scandinavian fisheries (especially Norway), which target this 
shark for its fins and meat (Gauld, 1989; Castro et al., 1999). In the 1960's Norway exploited the 
porbeagle in its local waters, until the industry was no longer viable. This prompted Norway to fish 
this shark from North American waters and within six years, L. nasus was depleted here as well 
(Castro et al., 1999; Francis and Stevens, 2000). Norway currently has a quota on porbeagle catches 
(Gauld, 1989; Castro et al., 1999). L. nasus is not however, targeted in the Southern Hemisphere, 
although it is a frequent bycatch of commercial fisheries (Francis and Stevens, 2000). The 
Norwegian example indicates that this species is seriously vulnerable to over-fishing. L. nasus is 
protected in the United States, with regulated fisheries in Europe and Canada (Compagno, 2001). 
The porbeagle is considered a record game fish in the British Isles, although it is not as popular as 
makos or the great white (Gauld, 1989). For all the above reasons, there is considerable concern 
about the conservation status of L. nasus (Compagno, 2001). 
The salmon shark, L. ditropis, is considered a nuisance fish by salmon fisheries, because it 
damages nets and destroys their catch (Paust and Smith, 1986; Compagno, 2001). As a result, this 
species is often killed on sight by salmon fishermen. Although there is a regulated sports fishery in 
Alaska for L. ditropis, it does not appear to be as popular a game fish as L. nasus (Compagno, 2001). 
In some parts of the world, the salmon shark is finned if caught, and the heart of L. ditropis is even 
considered a delicacy in certain parts of Japan (Compagno, 2001). The aforementioned factors, 
combined with the lack of protection of this species, means there is concern for the conservation of 
this species as well (Castro et al., 1999; Compagno, 2001). 
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Isurus 
Species within the genus Isurus are known as mako sharks, a name which comes from the 
Maori (native New Zealand) word for these sharks (Compagno, 2001). Makos are more slender and 
sleeker sharks than Lamna or Carcharodon. The two species are the short-finned mako, I. 
oxyrinchus, and the long-finned mako, I. paucus. The latter species was not described until 1966, and 
is very poorly known. In fact, I. paucus has never been observed underwater (Compagno, 2001). 1. 
oxyrinchus was named and described in 1809, and is more well known, hence the information in this 
section pertains to 1. oxyrinchus unless otherwise indicated. 
Mako sharks are impressive in appearance, due to their striking metallic blue color. As in 
other lamnids, the body is counter-shaded, with a white ventral surface. 1. oxyrinchus reaches an 
estimated body length of up to 4.1 m, and females are larger than males. Male I. oxyrinchus reach a 
body size of about 3m, and mature at around 2m while females mature at about 2.8m (Bass et al., 
1975; Stevens, 1984; Compagno, 2001). I. paucus is slightly larger, with a maximum reported size of 
4.2m (females} and both sexes in this species appear to mature at around the same size (2.45m; 
Compagno, 2001). 1. oxyrinchus are smaller at birth than I. paucus (60-70cm and 97-120cm 
respectively; Bass et al., 1975; Compagno, 2001). Males and females appear to have similar growth 
rates until they are 4-5 years old (around 2.3m; Pratt and Casey, 1983; Casey and Kohler, 1992). 
Makos may exhibit rapid growth rates when compared to other species (Pratt and Casey, 1983; Casey 
and Kohler, 1992). For example, 1. oxyrinchus may grow at approximately twice the rate of L. nasus 
(Pratt and Casey, 1983; Casey and Kohler, 1992). 
Isurus is perhaps the fastest of all shark species, and they are one of the most active of all 
fishes (including both cartilaginous and bony fishes; Compagno, 2001). Because of their speed 
makos have few natural predators, although juvenile makos are occasionally taken by great white 
sharks (Compagno, 2001). Makos are known to jump several times their own body length out of the 
water, and are capable of sudden bursts of speed (Compagno, 2001). Their speed allows makos to 
catch fast-swimming prey. I. paucus may be not as~fast as 1. oxyrinchus, based on the former's broad, 
long pectoral fins and slimmer build, a morphology found in other slow swimmers (such as 
Carcharhinus longimanus (Compagno, 2001) 
Makos are famous for their distinctive behaviors, which have been interpreted as threat 
displays. They are known to charge at other sharks (as well as human divers) at high speed, and 
suddenly change direction at the last moment to avoid a collision (Compagno, 2001). Makos rarely 
bite divers, but the sheer speed of the charge means that conventional methods of warding off sharks 
do not work for makos (Compagno, 2001). Another behavior exhibited by makos (and Carcharodon, 
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see below) is known as "gaping"; during gaping the shark swims underwater with its mouths open 
which is believed to be a warning signal (Compagno, 2001). Makos are also known to make short 
jumps out of the water ("porpoising"), followed by rapid swimming in a figure-8 pattern (Compagno, 
2001). Apart from these putative threat displays, very little is known of the behavior of makos, 
although it is assumed to be similar to that of Carcharodon. 
A wide variety of prey items (both pelagic and benthic) have been recorded from the 
stomachs of 1. oxyrinchus (Compagno, 2001). . The diet of this species seems to be associated with 
prey availability. For example, for makos caught inshore in the western North Atlantic, almost 78% 
of their diet is bluefish (Pomatomus saltatix, Stillwell and Kohler, 1982). Makos caught offshore in 
the western North Atlantic had mostly cephalopods in their stomachs, including deep-water squids 
that are known to be vertical migraters (Stillwell and Kohler, 1982). Tracking studies conducted by 
Holts and Bedford (1993), however, revealed no pattern of diurnal vertical migrations in 1. 
oxyrinchus. In the western North Atlantic, makos do not appear to be feeding on other shark species 
however, in South Africa, elasmobranchs (primarily blue sharks [Prionace], but Carcharhinus, small 
hammerheads [Sphyrna] and several batoid species have also been recorded) appear to be the most 
important prey item in the diet of these sharks (Compagno, 2001). I. oxyrinchus specimens caught of 
the Australian coast rarely feed on elasmobranch prey, but feed on various teleost species (but not 
bluefish, which are absent from these waters; Stevens, 1983; Compagno, 2001). Odd prey items 
found among the stomach contents of 1. oxyrinchus include sea horses, boxfish, pufferfish, sponges, 
sargassum weed, salps, and isopods (Stillwell and Kohler, 1982; Compagno, 2001), but some of these 
items may have been ingested by accident. The diet of 1. paucus is not well known, but based on 
stomach contents it appears to eat schooling fish and cephalopods (Compagno, 2001). 
As makos increase in size, they shift to larger prey that is closer to their own size. For 
example, adult males weighing about 136kg frequently attack and kill swordfish (Xiphias sp.) that 
weigh about 180 kg (Compagno, 2001). When makos reach over 3m in length they will hunt and kill 
small dolphins. It is thought that these sharks can capture dolphins since the shape of the teeth 
changes (from awl-shaped to more triangular and flattened) to a shape similar to that found in 
Carcharodon carcharias (Chapter Two). Unlike C. carcharias, however, makos are not known to 
prey upon pinnipeds or scavenge dead whales (Compagno, 2001). 
1. oxyrinchus and 1. paucus are found in tropical and warm temperate oceanic water in all 
three major oceans, and seem to prefer water temperatures between 17 and 22°C (Casey and Kohler, 
1982; Compagno, 2001). Nevertheless, 1. oxyrinchus is found as far south as New Zealand and 
central Chile, and as far north as Scandinavia and the Bering Sea (Nakano and Nasagawa, 1996; 
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Compagno, 2001). 1. oxyrinchus are found down to a depth of at least SOOm, and sometimes come 
inshore (Compagno, 2001). The known distribution of 1. paucus is very patchy, although it appears to 
be very common in certain areas (e.g., southern Brazil; Amorim et al., 1998). 1. paucus may be a 
more oceanic and deep-water shark, which rarely (if at all) ventures inshore, which would explain 
why it is encountered less frequently than I. oxyrinchus. This is also consistent with the fact that 1. 
paucus has larger eyes than 1. oxyrinchus (Garrick, 1967) and a morphology similar to other oceanic 
species, such as the oceanic white-tipped shark Carcharhinus longimanus (C. longimanus was 
described much Iater than other Carcharhinus species, possibly because it also almost exclusively 
inhabits oceanic waters; Garrick, 1967). 
1. oxyrinchus is capable of traveling long distances, based on "tag and release" studies (Casey 
and Kohler, 1982). For example, one individual (1.6m long) had traveled 2452 nautical miles (about 
4,000 km) from the northeastern coast of the United States to Spain (the majority of sharks however, 
were captured within 500 km of where they were tagged; Casey and Kohler, 1982). There did not 
appear to be a relationship between size or sex and the distance traveled (Casey and Kohler, 1982). 
The difficulty in determining migratory patterns in this species is that the majority of I. oxyrinchus 
specimens caught are juveniles or subadults (Nakano and Nasagawa, 1996). As a result, little 
information is available on adult makos, especially pregnant females, which are rarely caught (Casey 
and Kohler, 1982). Juveniles thus appear to have a wider geographical range than adults, and appear 
to come into coastal waters more frequently (Casey and Kohler, 1982). This may represent 
segregation between juveniles (inshore) and adults (offshore) to protect smaller individuals from 
cannibalism and larger oceanic predators (Casey and Kohler, 1982). 
Based on tagging studies, it has been suggested that there may be separate populations of 1. 
oxyrinchus within the Atlantic (Compagno, 2001). For example, Moreno and Moron (1992a) suggest 
that there is an endemic population of 1. oxyrinchus off the Azores (northeast Atlantic). 1. oxyrinchus 
can usually be distinguished from 1. paucus by coloration, with the latter exhibiting a darker 
coloration on the ventral surface of the snout. In contrast, 1. oxyrinchus typically has a white ventral 
surface along its entire length. Specimens of I. oxyrinchus in the Azores however, possess darker 
undersides, the degree of which appears to change with size: small specimens have dark blotches on 
the underside (especially under the snout), while larger specimens show an underside that is almost 
completely dark with only a few white areas still remaining (Moreno and Moron, 1992a). Since the 
color variation is related to size, and since this color pattern is common in Azorean waters, Moreno 
and Moron (1992a) believe this pattern is due to fixed genetic variation in this population; thus, there 
appears to be a variant .population of 1. oxyrinchus endemic to in waters. 
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Another example of potential differences within Atlantic 1. oxyrinchus populations was found 
by Heist et al. (1996). A restriction fragment length polymorphism (KELP) analysis of a 220 base 
pair region of mitochondrial DNA found significant differences between sharks in the North and 
South Atlantic, and hence may represent separate populations. This implies that if populations of 1. 
oxyrinchus are over-fished in the northern Atlantic, stocks may not be replenished by migration from 
the south Atlantic (Heist et al., 1996); this observation, if correct, may have serious implications for 
the management of this species 
I. oxyrinchus is targeted by commercial fisheries (Castro et al., 1999). This species is fished 
for its high-quality meat, and targeted by big game sports anglers on account of the fact that these 
sharks jump out of the water and put up a fight when hooked (Compagno, 2001). 1. oxyrinchus is also 
a common bycatch of the tuna and swordfish industries (Castro et al., 1999). Since most of the 
catches are of immature sharks, nurseries may be being depleted, and in some areas in the Atlantic 
and eastern Pacific there has been significant decline in catches (Casey and Kohler, 1982; Castro et 
al., 1999). In response to concerns over these declines, there have been limits imposed by the United 
States and Australia on the sizes of I. oxyrinchus that can be kept by sports anglers (Casey and 
Kohler, 1992; Pepperell, 1992) as well as a limitation of one shark per boat per day in the United 
States (Casey and Kohler, 1992}. This is one of the few species of sharks in which minimum length 
restrictions have been implemented (Casey and Kohler, 1992). 
1. paucus is also frequently caught by commercial fisheries, but since the meat is of lesser 
quality, these sharks are often finned and thrown back. The frequent practice of discarding these 
sharks at sea, combined with the fact that this species is often confused with 1. oxyrinchus, makes it 
difficult to determine how many are actually caught. 1. paucus has similar risk factors to 1. 
oxyrinchus (such as large size, low fecundity and vulnerability to capture via commercial fisheries) 
that also make this species susceptible to over-fishing (Castro et al., 1999). 
Carcharodon 
The genus Carcharodon is represented by perhaps the most well known (and most notorious) 
of all modern shark species, the great white shark, Carcharodon carcharias. Despite the fact that it is 
one of the most feared of all sharks, little is known of its biology. Great whites are difficult to study 
since adult specimens of C. carcharias are rarely caught, partly because (unlike other lamnids) they 
are strong enough to free themselves from long-lines, and also because this species appears to be 
uncommon throughout its distribution (Caillet et al., 1985). Pregnant females are especially rare 
(Compagno et al., 1997). 
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The common name for the great white shark derives from their white underbelly; sharks that 
had been caught and brought up on deck were usually observed lying on their backs, with their lighter 
ventral surface exposed (Klimley and Ainley, 1996). This name however, is somewhat of a 
misnomer since most of the surface of the great "white" shark ranges from gray to black in color, and 
only the underside of the body is white (Compagno, 2001). Carcharodon carcharias however, 
certainly deserves to be called "great" due to the impressive size this shark can reach. The maximum 
size of the shark is controversial, since many estimates have been based on extrapolating total body 
length from isolated teeth, jaws or bite marks inflicted on carcasses of prey (Randal, 1973; Mollet et 
al., 1996). Such estimates (up to 9m in body length) are difficult to verify (Mollet et al., 1996) and as 
such, 6.4m is the largest maximum length based on the actual measurement of a whole specimen 
(Bigelow and Schroeder, 1948; Compagno, 2001). Males are smaller than females, and reach a 
maximum body length of around 5-S.Sm, maturing between 3.5 and 4.Sm (approximately 9-10 years 
old; Caillet et al., 1985; Compagno, 2001). Females mature between 4 and Sm at approximately 12-
14 years old, and can live at least 23 years (Compagno et al., 1997). The size of great whites at birth 
varies from 1.2 to 1.7m (Compagno, 2001). 
As well as their impressive length, great whites are very stocky and extremely powerful. The 
large size and enormous strength of C. carcharias means they have few natural predators. 
Nevertheless, there is one report of a killer whale (Orca orcinus) killing and consuming a 3-4m great 
white. As observed by Pyle et al. (1999), the killer whale rammed the shark at high speed, and then 
held the shark (which was motionless) upside-down in its jaws for 15 minutes while swimming 
slowly. It is assumed the shark was killed by either ramming it or asphyxiating it (by being held 
immobile on its back; Pyle et al., 1999). 
Nevertheless, great whites remain at the apex of the marine predatory food chain. The diet of 
great whites is very broad, and includes prey which range in size and habitat (both benthic and 
pelagic species). These include many species of both bony and cartilaginous fish including chimeras, 
batoids, and even other lamniforms (e.g., C. taurus, 1. oxyrinchus, C. maximus) and the whale shark 
(Bass et al., 1975; Cliff et al., 1989; Compagno, 2001). It is not known if basking and whale sharks 
are attacked or scavenged although juveniles of both species may be easily taken. So far, there is no 
evidence that adult great whites feed on their young, and it appears that there may be behavioral traits 
that prevent cannibalism (see below). Great whites also kill birds (e.g., pelicans, gulls, penguins), but 
they do not appear to eat the birds they just merely "toy" with them (Compagno, 2001). Invertebrate 
prey includes squid, abalone, bivalves and crustaceans; one 4.4m individual was even found with 150 
crabs in its stomach (Compagno, 2001). Feeding on benthic fish may be especially important in 
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juvenile great whites, which can feed by sucking up these fishes with their jaws (Casey and Pratt, 
1985; Tricas, 1985). 
As in Isurus, great whites over 3m in length switch to a diet that includes large marine 
mammals (Tricas, 1985; Cliff et al., 1989). When available, large great whites feed almost 
exclusively on marine mammals. Pinnipeds seem to be an important staple in the diet of large white 
sharks, but occasionally small cetaceans, such as porpoises, dolphins, pygmy sperm whales and gray 
whale calves, are also taken (Compagno, 2001 }. Juvenile great whites (smaller than 2m) may also 
feed on pinnipeds, although at this size they are restricted to hunting juveniles (Compagno, 2001). 
Unlike makos, great whites will scavenge the carcasses of large whales (e.g., baleen whales), and this 
appears to be an important food source (Compagno, 2001). In addition to marine mammals, the 
remains of terrestrial mammals have been found in the stomachs of great whites. Many of these 
remains, such as cows, lambs and pigs, are the result of opportunistic scavenging of carcasses 
dumped by slaughterhouses into the sea (Compagno, 2001). 
Great whites appear to exhibit an array of behaviors associated with feeding, which have been 
interpreted as threat displays. These behaviors are directed at other great whites (and occasionally 
humans). There appears to be a feeding hierarchy among great whites, and these behaviors may be 
used to assert dominance. For example, larger individuals will often follow a smaller individual 
toward bait, but at the Iast moment the smaller individual will suddenly veer away from the bait, 
allowing the larger shark exclusive access to it (Compagno, 2001 }. In addition, two individuals will 
swim parallel to each other, and slap their tails at the surface, creating a large splash directed at the 
other shark (Klimley et al., 1996). This appears to be a contest, and will continue until a "winner" is 
established and is allowed to feed (the stronger shark appears to be determined by both the frequency 
and vigor of the splashes; Klimley et al., 1996). This tail-slapping is sometimes accompanied by the 
shark launching itself into the air, a behavior known as "breaching" (Klimley et al., 1996). As in 
Isurus, great whites also exhibit "gaping" behavior, except in the great white this display occurs both 
above and below the surface. More elaborate "gaping" behavior was also frequently observed when 
bait was offered to the shark, and then removed before the shark could feed. The great white would 
swim awkwardly on its side, with its head above the surface and mouth open, flexing its jaws 
("rhythmic partial gapes"; Strong, 1996). This behavior was interpreted as a sign of frustration on the 
part of the great white (Strong, 1996). 
Anatomical studies on the brain and eyes of white sharks provide insights into how these 
animals hunt. The morphology of the brain suggests that white sharks rely heavily on olfaction and 
vision to detect prey, rather than electroreception (Demski and Northcutt, 1996}. Traditionally, it has 
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been thought that all sharks have poor eyesight and are color-blind. However, histological studies of 
the eyes of sharks suggest otherwise (Gruber and Cohen, 1985). For example, the distribution of 
photoreceptors in the retina is similar to those of animals with acute vision, as the cones are 
concentrated where the maximum amount of light is focused (similar to the fovea centralis of 
mammals; Gruber and Cohen, 1985). 
Great whites are commonly associated with attacks on humans. The great white has been 
blamed for more attacks on humans than any other shark species. The infamy of this shark makes it 
is the primary culprit in such attacks even when other species (such as tiger and bull sharks) may 
actually be responsible (Bass et al., 1975). Great whites appear to be very inquisitive, and are very 
curious about human activities. For example, they are known to swim up to within a few feet of 
divers, pause, then swim away, without any aggressive behavior. Great whites are also drawn to 
boats, and often stick their head out of the water to investigate (this is called "spy hopping"; 
Compagno, 2001). The reasons) behind great white attacks on humans (such as divers, swimmers 
and surfers) is often unclear. It may stem from pure curiosity, as exemplified by instances where 
great whites will swim up to humans and bite, but then depart without feeding (Compagno, 2001). 
Another popular view is that humans are mistaken for marine prey. For example, surfers paddling on 
surfboards are said to look like pinnipeds from below. However, this "mistaken identity" hypothesis 
is undermined by the excellent vision ascribed to these sharks (see above; Compagno, 2001 }. 
Unlike Lamna, white sharks are found in areas frequented by human activities. This shark 
has an extremely wide geographical distribution, and can enter almost any marine habitat including 
very shallow water, bays, lagoons and even estuaries (Bass et al., 1975; Compagno, 2001). Although 
great whites are rarely caught in deep-water, one specimen was caught at a depth of 1280m 
(Compagno, 2001). Great whites can tolerate a wide range of temperatures. They are found in very 
warm (tropical) and very cold waters - as far north as the Bering Sea and as far south as subAntarctic 
islands (Compagno, 2001). 
The distribution of both adult and juvenile white sharks appear to be segregated by both 
habitat and temperature, with juveniles restricted to warm temperate, coastal waters (Bass et al., 1975; 
Casey and Pratt, 1985; Klimley, 1985; Goldman et al., 1996; Fergusson, 1996). Such segregation 
may (as in other lamnids) be a strategy to minimize cannibalism of young white sharks by adults 
(Klimley, 1985). Goldman et al. (1996) has suggested that temperature segregation may be 
influenced by size since young great whites may dissipate heat faster than larger individuals and 
therefore may be more sensitive to cooler temperatures. Juvenile sharks begin to move into cooler 
waters only when they reach approximately 2m in length (Casey and Pratt; 1985; Klimley 1985). In 
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addition, small immature sharks caught off the east coast of North America were predominately 
caught in shallow coastal waters, which may represent nursery areas (Casey and Pratt, 1985 ). 
Migration patterns of white sharks (other than those possibly associated with maturity) are 
poorly understood in C. carcharias (Compagno, 2001). However, a study conducted by Pardini et al. 
(2001) indicates migration in this species may also be influenced by sex. In this study an RFLP 
analysis of nuclear microsatellite DNA was compared to mitochondrial sequence data (the D-loop) 
for great whites in Australia, New Zealand and South Africa. The mitochondrial data showed that 
populations from Australia and New Zealand, when compared to that of South Africa, differed by 
about 4% sequence divergence. In contrast, there was no significant difference in the nuclear data. 
Pardini et al. (2001) suggest that, assuming maternal inheritance of mitochondrial DNA (Chapter 
Four) this may indicate that females do not migrate (they also state however, that the lack of any 
divergence in the nuclear data can be accounted for by the migration of males). If these conclusions 
are true, then local populations of great whites can be hunted to extinction by wiping out endemic 
female populations. 
Unlike other lamnids, great whites are uncommon catches in commercial fisheries. This is 
because larger great whites are strong enough to break off lines and, since small great whites are not 
usually found in offshore waters, these are rarely caught by long-lines. However, the great white has 
a unique problem due to its reputation. Prior to the movie Jaws, any time great whites were caught by 
accident, they were usually discarded (Compagno, 1990a). After Jaws, capturing and killing great 
whites was seen a public service, due to the alleged danger of this shark (Compagno, 1990a). It also 
became very lucrative since products associated with white sharks became much sought after; the 
jaws, teeth and fins are especially prized by trophy hunters, especially specimens over Sm in length. 
For example, the jaws of great whites have been sold for $20,000 to $50,000, individual teeth for 
$600 to $800, and a pair of fins can go for over $1000 (Compagno, 2001). Although great whites are 
currently protected in Australia, South Africa, Namibia, Israel, Malta and the United States, there is 
often inadequate enforcement of these laws. The value of great white sharks parts, combined with 
their protected status, has given rise to a black market industry for this species. Unless the laws are 
more strictly enforced, and these laws become global, then any measures to protect the species will be 
ineffective (Compagno et al., 1997). 
Biological adaptations in lamniform sharks II: Endothermy 
The family Lamnidae (as well as the genus Alopias) is endothermic. Endothermy, or the 
ability to maintain constant body temperatures above that of the environment, is restricted to 0.1 % of 
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all fish species (Hochachka and Somero, 2002). Endothermy is limited in fish species due to rapid 
heat loss across their gills and skin. The rate at which oxygen diffuses into the blood at the gills is ten 
times slower than the rate at which heat is lost to the environment (Carey et al., 1971). Due to this 
fact, blood leaving the gills is rapidly cooled by the surrounding water and hence leaves the gills at a 
temperature close to that of the environment. Any heat generated by fish (through metabolic 
processes) is therefore unavailable to maintain stable body temperatures. Despite this obvious 
limitation, endothermy has evolved independently in both teleost fishes (Scombroidea: tuna and 
billfish) and in sharks (Lamnidae: see above). The mechanisms developed for heat retention in these 
two groups is a striking example of convergent evolution; it is indeed remarkable how such divergent 
taxa have developed such a similar suite of complex traits. This section presents an overview of the 
anatomical and physiological adaptations for endothermy present in lamnid sharks. Evidence for 
endothermy in other elasmobranch groups, such as thresher sharks and batoids, as well as the 
advantages of endothermy in these fish are also discussed. 
The circulatory system: Endothermic versus ectothermic sharks 
Lamnid sharks possess several cardiovascular specializations necessary to fuel the high 
metabolic demands required for endothermy. Compared to ectothermic sharks, the aerobic tissues of 
lamnids require increased amounts of oxygen to sustain these high metabolic activities; this is 
accomplished in several ways (Bernal et al., 2001). These sharks possess a large gill surface area, 
with small lamellae, which facilitates gas exchange. The heart is also unique: this is larger, with 
thicker ventricular walls; possesses an increased coronary blood supply; and shows greater activity of 
both anaerobic and aerobic enzymes in cardiac muscles. The blood itself has a higher oxygen 
carrying capacity as indicated by unusually high hematocrits (an indicator of the percentage of red 
blood cells in the blood) and hemoglobin concentrations; these have been shown to equal or surpass 
levels in birds and mammals (Carey et al., 1981; Emery, 1985). Although concentrations of 
myoglobin (responsible for delivering oxygen to the mitochondria for use in aerobic metabolism) in 
sharks are unknown, it is believed that concentrations of this protein will equal the high levels seen in 
endothermic tunas (Bernal et al., 2001). 
Recall that the main obstacle for endothermy in fish is the loss of metabolic heat across the 
gills to the environment. In order to prevent this, lamnid sharks have a developed a highly modified 
circulatory system designed to circumvent this problem. In order to appreciate the complex 
modifications present in these animals, a brief review of circulation in sharks is necessary. 
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In sharks, deoxygenated blood leaves the heart through the ventral aorta. This vessel 
branches into several afferent branchial arteries that carry blood towards the gills. After gas exchange 
has occurred, oxygen rich blood leaving the gills travels through a series of efferent branchial arteries 
that collectively drain into the dorsal aorta. The dorsal aorta runs along the midline of the body and 
branches off this vessel supply blood to all of the major organs of the shark. The venous system in 
sharks (i.e., the pathway by which blood is returned to the heart) is modified to form both a renal 
portal system (where blood from the tail is filtered at the kidneys before returning to the heart) and a 
hepatic portal system (blood from the internal organs is shunted to the liver before its return to the 
heart). Other major veins include the anterior and posterior cardinal veins that drain blood from the 
anterior and posterior sections of the body, respectively. These blood vessels are therefore similar in 
function to the cranial and caudal vena cavae found in mammals. Both the anterior and posterior 
cardinal veins drain into the common cardinal vein and this vessel returns the blood to the heart. 
Lamnid sharks have modified several aspects of this basic circulatory pattern by including 
several "retia mirabille" or "miraculous networks" (circulatory structures where arterial blood mixes 
with venous blood) along pathways leading to muscles in the trunk, the visceral organs and the brain 
and eye. These "retia mirabille" (from here on referred to simply as retia) prevent heat loss by acting 
as counter current heat exchangers in which cold arterial blood traveling towards the tissues comes in 
contact with the warm venous blood leaving the tissue. Metabolic heat generated in the tissues is then 
conducted from the venous circulation to the arterial circulation where it is carried back towards the 
tissues. In this manner heat generated in the tissue returns to .the organs and thus bypasses the gills 
preventing heat loss to the environment. Endothermy in sharks however, is limited to the organs 
serviced by the retia and sharks are therefore only capable of "regional endothermy" since not all 
tissues in the body are maintained above ambient seawater. 
Three primary retial systems (the muscle retia, the visceral retia and the orbital retia) are 
present in lamnid sharks. The additions of these retia require alterations in the circulatory pathways 
to the organs that they service and this has resulted in reductions in the importance of both the dorsal 
aorta and posterior cardinal vein in these sharks (Carey et al., 1971 }. This section discusses the 
anatomical and physiological modifications found in these three heat exchanging retia. Although a 
fourth retial system has been found associated with the kidney in Lamna ditropis (Anderson and 
Goldman, 2001), this system is poorly understood and is therefore not discussed. 
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The retial system of locomotor muscles 
There are two types of retia involved with the locomotor muscles of fish: the central retia and 
the lateral (cutaneous) retia. The central heat exchanger in tunas consists of a rete between the dorsal 
aorta and the posterior cardinal vein (Satchell, 1991). This type of system is absent in sharks and is 
considered an ancestral trait in tunas (Bernal et. al, 2001). The second type of heat exchanger, the 
lateral (cutaneous) retia, is present in both tunas and sharks. Two major anatomical modifications 
were necessary in order to maintain the metabolic heat generated by the swimming muscles of sharks. 
The first of these was a change in position of the aerobic, highly metabolically active, red muscle 
(RM) from a lateral position to a more medial one. In most fish, the RM is a thin, lateral layer of 
muscle located just beneath the skin (Satchell, 1991). In this position, heat generated by this highly 
metabolically active tissue is lost both across the gills and through the skin. A shift in the position of 
the RM from this lateral position to a more medial position (flanking the vertebrae) is believed to be 
vital for heat conservation; indeed this feature separates the scombroids and lamnid sharks from all 
other fish species. 
The centralization of the RM by itself is not sufficient for endothermy: a retial heat exchanger 
must also be present. The development of the lateral (cutaneous) retia was the second major 
anatomical modification developed in sharks. In order to supply blood to the medial RM, and 
conserve the heat generated in this tissue, a reversal in the pattern of circulation was necessary. 
Recall that the main blood supply to the body in sharks is the dorsal aorta and that the locomotor 
muscles are usually drained via the posterior cardinal vein; both these vessels are located along the 
midline of the shark. In lamnids the size and the function of these two primary blood vessels are 
reduced. Instead, the lateral cutaneous veins, which is normally small and utilized to drain the skin, is 
modified to supply blood to the retia of the RM (Carey, et. al., 1971). In lamnid sharks, a new blood 
vessel, the lateral cutaneous artery, is derived from the fourth efferent branchial artery (one of the 
blood vessels which leave the gills) (Bernal et al., 2001). This blood vessel runs parallel to the lateral 
cutaneous vein in the area near the RM. Blood flow to the RM travels through the Lateral cutaneous 
artery, bypassing the dorsal aorta. The lateral cutaneous artery then branches into many smaller blood 
vessels that supply the retia with cool arterial blood (temperature equal to that of the surrounding 
water). Arterial blood traveling through the retia comes in contact with vessels running parallel and 
in the opposite direction; these are branches off the lateral cutaneous vein. Blood traveling through 
the lateral cutaneous vein is leaving the RM and hence has been warmed by the metabolic activity of 
this muscle. The structure of the retia therefore ensures that heat is returned to the RM which can be 
used to maintain body temperature and is not lost across the gills. The lateral cutaneous veins drain 
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into the posterior cardinal vein just prior to their entry into the common cardinal veins thus reducing 
the function of the posterior cardinal veins (Bernal et al. 2001). 
The anatomy of the blood vessels present in the lateral retia varies within lamnid sharks 
(Carey et al. 1971; Satchell, 1991; Bernal et al. 2001). In Carcharodon and Lamna species the blood 
vessels of the retia are dispersed within the white muscle (WM) tissue (this tissue surrounds and 
insulates the RM) while in Isurus the rete is a compact mass (up to a centimeter thick) of vessels 
leading to the RM. Despite these differences, it is clear that these heat exchangers are efficient since 
these animals conserve heat. Muscle temperatures of lamnid sharks range from 5°C above ambient 
seawater in Carcharodon carcharias (Carey et. al., 1982) to 15.6°C in Lamna ditropis (Anderson and 
Goldman, 2001); mako sharks (Isurus) fall within this range (Smith and Rhodes, 1984). Carey et al. 
(1982) believe that the RM of C. carcharias may indeed be warmer than previously recorded since 
measurements were not taken in what should be the warmest part of the shark (i.e., directly in the 
RM). 
Visceral endothermy: Suprahepatic retia 
Visceral retia are present in all lamnid sharks but only in a handful of scombroid fishes 
(Bushnell and Jones, 1992). Once again, lamnid sharks have modified their circulatory pathways; in 
this case it is the blood supply to the visceral organs that has been modified. This system enables 
blood returning from these organs to be filtered in the liver before it returns to the heart (via the 
hepatic vein to the common cardinal veins to the heart). However, in lamnid sharks the blood supply 
to the viscera is now modified to travel through the visceral rete. In lamnid sharks a rete 
(suprahepatic rete) is placed anterior to the liver at the base of the esophagus. Blood flow to the rete 
travels through an enlarged pericardial artery: this artery is formed by a combination of several 
efferent branchial arteries (vessels traveling from the gills) that converge ventrally to create the vessel 
(Bernal et al., 2001; Satchell, 1991). The pericardial artery branches into several small arterioles that 
form the blood supply to the retia. Unlike other retia, these arterioles are not paralleled by venules, 
but rather they form a meshwork of blood vessels that sits in a sinus (expansion of a vein) formed by 
the hepatic vein. In this scenario, cool arterial blood is bathed by the warm venous blood that enter 
the sinus, therefore this blood does not travel in small veins as in the lateral rete. 
The pathway of circulation in lamnids is modified to allow blood traveling to the viscera to 
pass through the suprahepatic rete. In this system, blood bypasses the dorsal aorta and travels directly 
from the gills to the viscera. Branches off the dorsal aorta that normally serve these internal organs 
are greatly reduced (Carcharodon, Lamna) or absent (Isurus) in these sharks (Carey et al., 1971). 
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However, these blood vessels may function as a mechanism to allow blood to bypass the rete, thus 
helping to regulate the temperature of the viscera (Carey et al., 1981). A second potential mechanism 
for regulating blood flow is in the structure of the rete itself. A large channel travels through the 
center of the hepatic sinus; this delivers blood directly to the heart and thus bypasses the rete. The 
walls of this channel are surrounded by smooth muscle and it is believed that constriction of these 
muscles can also regulate the flow of blood through the rete (Carey et al., 1981). 
Visceral temperatures of lamnid sharks are from 4 to 14°C higher than the environment 
(Carey et al., 1981; Goldman et al., 1996; Bernal, et. al., 2001). The suprahepatic retia in Lamna and 
Carcharodon species are large and similar in size: in a 183cm long porbeagle the retia had across-
sectional area of 30 square cm and weighed 267 grams; that of Isurus is approximately one third this 
size. The enormous size of the suprahepatic rete may be necessary to maintain such high visceral 
temperatures (Carey et al., 1981). Unlike tunas, heat retention in the viscera does not appear to be 
related to either feeding activities or water temperatures since the temperature of these organs is 
consistently high (Carey et al., 1981; Bernal et al., 2001). Despite this independence from feeding 
activities, heat production is believed to be generated by digestion, primarily that which occurs in the 
intestine (Bernal et al., 2001). However, it must be emphasized that the exact mechanism of heat 
production in the viscera of lamnid sharks is currently unknown. 
Orbital retia: Endothermy in the eyes and brain 
Unlike the lateral and visceral retia, arterial circulatory pathways associated with the orbital 
rete (composed of hyoidean and pseudobranchial retia; see below) of endothermic sharks are almost 
identical to ectothermic species that lack these retia (Alexander, 1998). In all sharks, two arteries, the 
pseudobranchial artery and the efferent hyoidian artery branch off the first efferent branchial artery. 
The efferent hyoidean artery unites anteriorly with the paired dorsal aorta and becomes the internal 
carotid artery. In lamnid sharks the internal carotid is reduced in size; this vessel is the primary 
source of blood to the brain in sharks without an orbital rete (Block and Carey, 1985). In addition, 
the efferent hyoidean and paired dorsal aorta in lamnids branch into smaller blood vessels before 
uniting with the internal carotid; this forms the arterial blood supply to the hyoidean rete. Branches 
off the hyoidean rete supply blood to both the eye and its locomotor muscles (Block and Carey, 1985; 
Alexander, 1998). The hyoidean rete is well developed in Carcharodon and Isurus but is small in 
both Lamna species (Alexander, 1998). 
The pseudobranchial artery in lamnid sharks is large and highly coiled compared to other 
species of sharks. In some lamnids, this artery branches into smaller vessels that comprise the arterial 
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blood supply to a pseudobranchial rete. The presence of the pseudobranchial rete among lamnid 
sharks is debated: Alexander (1998) reports a pseudobranchial rete in Lamna species only, whereas 
Block and Carey (1985) state its presence in all five lamnid species. These authors also differ in their 
descriptions of the internal carotids. Alexander { 1998) contends that the pseudobranchial artery 
branches into two main vessels: one of these leads to the locomotor muscles of the eye while the 
second further divides into two vessels, both of which unite with the internal carotid that supplies 
blood to the brain; and both the hyoidean and the pseudobranchial arteries eventually unite with the 
internal carotids. Block and Carey (1985), however, state that neither the pseudobranchial nor 
hyoidean arteries unite with the internal carotid. According to these authors, blood supply to the 
brain and eye (retina and locomotor muscles) is primarily supplied by blood flowing through the 
pseudobranchial retia and hyoidean retia respectively (these authors collectively call both retia the 
orbital retia) and not via the internal carotid. However, they propose that since blood traveling 
through the internal carotid bypasses the retia this may be a mechanism regulating the amount of heat 
delivered to the brain and eyes (Block and Carey, 1985). 
Despite these differences in opinion, both authors agree that the eyes and brains of lamnid 
sharks are indeed endothermic. Brain temperatures in lamnid sharks are, on average, about 5°C above 
ambient and recent findings for Lamna ditropis indicate temperatures of 9.4°C above ambient (Bernal 
et al., 2001). Eye temperatures of lamnids are on average 2.8°C above ambient (Block and Carey, 
1985) although a temperature differential of 12.9°C was recorded in L. ditropis (Bernal et al., 2001). 
How do the eyes and brains of lamnid sharks retain heat? It has been proposed that metabolic 
activities of the extrinsic eye muscles {which are large and dark red, indicating the potential for high 
metabolic activity) may play a part in generating heat for this system (Carey et al., 1985; Alexander, 
1998); a system similar to this exists in swordfish (Satchell, 1991). However, Bushnell et al. (1992) 
state that metabolic processes in the eye and brain alone are insufficient to cause the temperature 
elevations in these tissues, and state that an additional mechanism must be responsible for this 
phenomenon. The answer lies in a specialized vein, the red muscle vein (RMV), found only in lamnid 
sharks. This vein carries blood from the RM to the orbital sinus, an expansion of distal branches of 
the anterior cardinal vein. Both the hyoidean rete and the pseudobranchial rete (or pseudobranchial 
artery according to Alexander [ 1998]) are contained within the orbital sinus and thus are bathed with 
warm blood traveling through the RMV from the locomotor muscles (Bernal et al., 2001). 
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Endothermy in thresher sharks and batoids 
Anatomical evidence exists which suggests that endothemy in elasmobranchs may be more 
prevalent than previously believed. Two examples of this are found in the Alopiidae (thresher sharks) 
and certain batoids (Myliobatiformes: eagle rays, manta rays, sting rays). Thresher sharks possess a 
lateral circulation to a medial placed RM (Bernal et al., 2001), a condition believed to be necessary 
for endothermy for reasons discussed above. Alopias vulpinus has hematocrit and hemoglobin levels 
similar to lamnid sharks, indicating a similar physiology to endothermic species (Emery, 1985). In 
addition, lateral retia associated with the RM have been attributed to two species of thresher, A. 
superciliosus (Carey et al., 1971) and A. vulpinus (Bone and Chubb, 1983), although these retia are 
poorly characterized. Temperature measurements of the RM needed to confirm endothermy in these 
species are lacking. Carey et al. (1971) reported RM temperatures in A. supercilosus to be ~4.3°C 
above that of the heart and the coldest muscle masses (water temperatures could not be recorded since 
it was unknown where the shark had been swimming) and Alexander (1998) reports that the body 
temperatures of A. vulpinus are indeed warm (no temperature measurements given). 
While the presence of visceral retia in threshers is only suspected by limited anatomical 
evidence in A. vulpinus (Alexander, 1998), the ability to warm the brain and eyes may be present in 
all three species. Orbital retia similar to lamnid sharks have been reported in both A. superciliosus 
and A. pelagicus but are lacking in A. vulpinus (Block and Carey, 1985; Alexander, 1998). However, 
according to Alexander (1998) the lack of orbital retia do not necessarily mean that these sharks 
cannot control the temperature of their eyes and brain. Alexander (1998) notes that while hyoidean 
rete were present in both 1. oxyrinchus and C. carcharias, a pseudobranchial rete was not observed in 
these species. Despite this, brain temperatures of these species are known to be above ambient and it 
was hypothesized that a pseudobranchial rete is unnecessary and that heat could be exchanged via the 
highly coiled pseudobranchial artery itself. Neither the hyoidean nor pseudobranchial rete occur in A. 
vulpinus; however, since both of these blood vessels are highly coiled and sit within an orbital sinus it 
is therefore possible that these arteries may act as heat exchangers in the absence of retia (Alexander, 
1998). The size and color (dark red) of the locomotor muscles of the eyes of thresher sharks are also 
similar to those reported for lamnids; it has been suggested that metabolic processes in these muscles 
play a part in warming blood to the eyes of endothermic sharks (Carey et al., 1985; Alexander, 1998). 
Although anatomical evidence exists for threshers, temperature measurements in these animals are 
necessary to confirm this phenomenon. 
Anatomical evidence also exists for the possibility Of endothermy in two families of batoids: 
Myliobatidae (eaglerays; Rhinoptera) and Mobulidae (manta rays; Mobula, Manta) Several species 
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within the Mobulidae possess cranial retia that may function as counter-current heat exchangers. 
These species include: Manta birostris, Mobula thurstoni, Mobula japanica, and Mobula tarapacana 
(Alexander, 1996). Among the myliobatids, simplified precerebral retia appear to be limited to the 
genus Rhinoptera, and one species, Rhinoptera javanica possesses a well developed cranial rete 
similar to that found in mobulids (Alexander, 1995). Although the mechanism responsible for 
generating heat in these systems is unknown, eye muscles found in Mobula species are large and 
contain red muscle fibers that could be used for this purpose (Alexander, 1996). 
Mobula tarapacana possesses a retial system associated with the pectoral fins; this type of 
system is not found in sharks. This retial system is derived from the arteries and veins that normally 
supply blood to the pectoral fins of elasmobranchs (subclavian arteries and segmental veins 
respectively; Alexander, 1995). Unlike sharks, in which locomotion is achieved via lateral 
movements of the caudal fin and trunk muscles, rays swim by movements of enlarged pectoral fins. 
Large amounts of RM are associated with these fins and are believed to be the heat source for this 
system (Alexander, 1995). Two additional retial systems, those around reproductive organs (in 
Mobula tarapacana) and visceral retia (Mobula japanica and possibly Mobula tarapacana) are also 
found in rays (Alexander, 1995). As in threshers, temperature measurements are needed to confirm 
the existence of endothermy in batoids. 
Advantages of endothermy 
Several hypotheses about the possible advantages of endothermy have been proposed. 
Lamnid sharks are very fast swimming, active animals and initially it was believed that increased 
body temperatures (due the lateral rete) may have allowed these sharks to achieve such activity by 
increasing metabolic rates in the RM (Carey et al., 1971). However, Block (1991) states that this 
argument is circular, since high metabolic rates in the RM are a precursor for endothermy (since this 
is the source of heat to the system) and thus cannot be a selective advantage in these animals. 
Perhaps an advantage of the lateral rete may be that, as in mammals, elevated body temperatures 
provide a stable environment for the activity of important enzymes (Bernal et al., 2001). Indeed, the 
activity of two key metabolic enzymes, citrate synthase (this is used as an indicator of aerobic 
metabolism since it catalyzes the first reaction in the Krebs cycle) and lactate dehydrogenase (key 
enzyme in anaerobic metabolism), were shown to be higher in the RM and WM of mako sharks as 
compared to ectothermic species (Bernal et al., 2001). 
The selective advantages of the visceral and orbital rete seem to be more straightforward: the 
visceral rete is believed to enhance digestion and absorption rates by elevating and maintaining 
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temperatures of the gut (Carey et al., 1971, 1981). Given the high activity levels of these animals, 
increased turnover of food into energy is a likely advantage in these sharks. By increasing 
temperature in the brains and eyes, the orbital rete may have allowed these sharks to exploit niches 
previously underutilized by sharks. Lamniform sharks encounter rapid changes in water temperature 
during both global migrations and excursions into deep-water. These journeys are believed to 
motivated primarily by feeding opportunities (Block and Carey, 1985; Bernal et al., 2001). By 
stabilizing temperatures of the central nervous system and sensory structures (such as the eyes) these 
sharks can travel into cool waters and hunt prey that may have otherwise been off limits (Block and 
Carey, 1985; Block, 1991; Alexander, 1998). 
An analysis of the fossil record of carcharodon by Purdy (1996) suggests a different reason 
for the development of endothermy in these sharks. By today's standards, the great white shark 
(maximum length 6.4m; Compagno, 1984a) is certainly one of the most formidable shark species. 
But C. carcharodon is dwarfed by the fossil species C. megalodon, which is the largest known 
predatory shark species ever to inhabit the world's oceans, with an estimated length of 15.9m (52.2 ft) 
(Gottfried et al., 1996; Chapter Three). The extant great white and its enormous relative were both 
common in the Miocene and it has been suggested that endothermy evolved in C. carcharodon in 
order to escape predation by the larger species. Purdy (1996) suggests that the fossil record of C. 
carcharodon indicates a steady preference for cooler water, thus avoiding the warm waters preferred 
by C. megalodon. However, this goes against the idea that a shark as large as C. megalodon would 
perhaps be better able to maintain a constant body temperature than the modern, smaller species due 
to its sheer mass and lower surface area to volume ratio. 
In conclusion, lamnid sharks have developed a suite of complex anatomical and physiological 
adaptations necessary to maintain stable internal body temperatures. Compared to tunas, the 
physiological adaptations necessary for endothermy in lamnids (such as metabolic and hematological 
properties) are still poorly known (Bernal et al., 2001). Although heat retention is only limited to 
certain area of the body (locomotor muscles, viscera, eyes and brain) this capability may have enabled 
lamnids to expand their ecological habitats, thus exploiting previously unavailable food supplies and 
avoiding predation by larger species. Although discussions of endothermy in fish have been limited 
to lamnid sharks and scombroid fishes, anatomical evidence from thresher sharks and myliobatiform 
rays suggest that endothermy may be more prevalent among elasmobranchs than previously believed. 
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Biological adaptations in lamniform sharks III: Uterine cannibalism 
Elasmobranch reproduction 
Reproduction in the Elasmobranchii is characterized by internal fertilization, low fecundity 
and the birth of relatively large, precocial offspring (Wourms and Demski, 1993). Essentially there 
are two basic types of reproduction in elasmobranchs: oviparity, or egglaying, and viviparity, or "live 
birth". Both of these reproductive strategies have been subdivided further into numerous categories 
by various authors; therefore, for simplicity, this review follows Compagno (1990c). 
Oviparity 
There are two types of oviparity, distinguished by how long the eggs are retained by the 
mother prior to deposition in the substrate. In extended oviparity, eggs are laid soon after fertilization 
and development occurs within the egg case, mostly outside of the mother. This strategy is 
considered ancestral for elasmobranchs and is practiced by skates (raj iforms), heterodontiforms, and 
certain orectolobiform and carcharhiniforms (see Chapter Two for a review of elasmobranchs). A 
second form of oviparity involves the retention of egg cases within the mother until the young are 
well developed. This strategy, in which the eggs hatch soon after deposition, is characteristic of only 
1 % of elasmobranch species and is limited to certain carcharhiniforms and orectolobiforms. 
Viviparity 
There are four types of viviparity in elasmobranchs, which differ in the method used to 
supply nutrients to the young. Yolksac viviparity (sometime called ovoviviparity) is essentially 
extended oviparity, with the exception that the young are born live, rather than within an egg case. 
This intermediate reproductive strategy is found in certain batoids (rhinobatiforms, pristiforms and 
torpediniforms), squaliforms, squatiniforms, and some orectolobiforms and carcharhiniforms. The 
remaining three forms of viviparity are highly specialized and found only within certain groups, they 
are: (1) uterine viviparity (only in certain myliobatiforms) in which the embryos subsist on "uterine 
milk", a nutritious fluid that is secreted from the uterus; (2) placental viviparity, in which nutrients are 
supplied to the young via a placenta (limited to certain carcharhiniforms}; and (3) uterine 
cannibalism, which is known only in lamniforms. The remainder of this section focuses on uterine 
cannibalism and presents a brief overview of reproduction in lamniform sharks. 
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Uterine cannibalism: Oophagy and adelphophagy 
In the early 1900's, examination of the embryos of Lamna nasus revealed that these embryos 
possessed a grossly enlarged abdomen that was filled with large amounts of yolk. This was the first 
evidence of oophagy, a reproductive strategy in which the mother continues to ovulate after 
pregnancy, releasing fertilized eggs into the uterus on which the developing young feed. Oophagy 
has been shown in all lamniform species except for O. noronhai, O. ferox, M. owstoni, C. maximus 
and M. pelagios, for which little (or no) information on pregnant females is available. In several 
species, the young inside the mother develop specialized teeth that are used to rip open egg capsules 
(Liu et al., 1999; Francis and Stevens, 2000). As the embryos develop, these teeth are replaced with 
those that more closely resemble the adult dentition. 
Stribling et al. (1980) stated that oophagy is the most efficient adaptation for nourishing 
developing young, based on an examination of the extremely .high caloric content of the eggs of C. 
taurus. Such a high caloric intake is necessary to produce the very large young characteristic of 
lamniform sharks. The size of birth for many lamniforms is at least 1 m in length: the only known 
exceptions are L. nasus (60-80cm), L. ditropis (40-85cm), 1. oxyrinchus (60-70cm) and P. kamoharai 
(in which the adult size is only lm). However, since the young of P. kamoharai are born at about half 
the adult body length (Fuj ita, 1981 } they therefore (in comparison to the adult size) represent the 
largest embryos of any lamniform. 
In addition to oophagy, the embryos of C. taurus have been shown to practice adelphophagy, 
in which embryos attack and consume their smaller siblings while still in the uterus (Bass et al., 
1975). Although adelphophagy has only been reported in C. taurus, it is thought that other lamniform 
species (such as P. kamoharai) may also exhibit this behavior (Compagno, 2001). The development 
of C. taurus has been described in detail by Gilmore et al. (1983). In early stages of development, 
encapsulated C. taurus embryos feed on yolk supplies within the egg. Upon hatching, any remaining 
yolk-sac material is absorbed until the embryo reaches a size of about 100mm. At this size the 
embryo possesses functional teeth and awell-developed caudal fin and begins to actively attack and 
consume smaller siblings. Embryos will continue this struggle for survival until only one embryo 
remains. This embryo, having fed on its smaller siblings, will achieve a size at birth of about 1 m in 
length. 
Most lamniform sharks have adopted a reproductive strategy in which only a few, very large 
young (2-4 per brood) are born. Exceptions include 1. oxyrinchus (4-25 pups) and C. carcharias (6-
14 pups; Uchida et al., 1996; Mollet et al., 2000). The gestation period is only known for L. nasus, C. 
taurus, A. supercilosus and 1. oxyrinchus, and ranges from 8-12 months in these species (Gimore et 
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al., 1983; Moreno and Moron, 1992; Francis and Stevens, 2000; Mollet et al., 2000). As discussed 
above, the pups can reach such large sizes due to the high nutritional value of their food, which is 
either unfertilized eggs, or at least in one species, smaller siblings. Such large sizes at birth make 
these pups less vulnerable to predation. Unfortunately, as discussed above, the low fecundity in 
lamniform sharks makes certain species more vulnerable to over-fishing. 
Summary 
The order Lamniformes possesses several distinctive biological adaptations including 
planktivory, endothermy, and uterine cannibalism. Species in this order inhabit a variety of marine 
environments including very cold, polar waters. With few exceptions (such as L. ditropis, A. 
pelagicus and possibly O. noronhai) lamniforms are found in all three major oceans of the world. 
Reproduction strategies of lamniforms (and other sharks) leave them vulnerable to over-fishing, and 
as such, the conservation status of many species is unknown. Although many species within this 
group are common, their biology is still poorly known. The next section presents a morphological 
guide to lamniform sharks as well as the current theories on their systematics and evolutionary 
relationships. 
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CHAPTER TWO: LAMNIFORM SYSTEMATICS AND PHYLOGENY 
Introduction 
The Chondrichthyes comprise the Elasmobranchii (sharks and rays) and the Holocephalii 
(chimeras, ratfishes, elephantfishes). This Chapter introduces current theories in elasmobranch 
systematics as a basis for discussing relationships of Lamniformes to other elasmobranch taxa. A 
brief introduction to the elasmobranchs, including the seven other living orders of sharks (based on 
Compagno, 1984a,b) and the rays or batoids (based on Compagno 1977, 1990c) is presented as a 
framework for this discussion. A guide to the major morphological characters used in elasmobranch 
systematics is also presented, not as a comprehensive list of morphological traits, but rather as an 
introduction to important characters used in anatomical analyses. This discussion also provides 
background material for subsequent discussions of lamniform phylogeny. Evolutionary relationships 
based on morphological characters are compared to molecular-based studies of phylogeny in an effort 
to understand the current theories of the relationships both among elasmobranchs and within the 
lamniforms. 
Introduction to extant orders of sharks and rays (Neoselachii) 
There are 375 species of sharks (Compagno, 1990c) arranged in thirty families with eight 
orders (including Lamniformes; see Table 2.1). 
Hexanchiformes 
This order contains five species of poorly known, deep-water sharks. Most species in this 
group are smaller than 2m, although Hexanchus griseus may attain lengths of 4.7m. 
Chlamydoselachus and Hexanchus have six pairs of gill slits, whereas Heptranchias and Notorynchus 
possess seven pairs of gill slits. The majority of other shark species (with the exception of Pliotrema, 
see below) are limited to five pairs of gill slits. 
Squaliformes 
This is the second largest order of sharks with at least 87 living species, making up a total of 
23% of all living shark species (Compagno, 1990c). The Echinorhinidae and Oxynotidae are poorly 
known deep-water sharks. Echinorhinids may reach up to 4m while oxynotids are rarely larger than 
1.Sm. The Squalidae is a large and diverse family containing 17 genera. Species within this family 
primarily inhabit deep-water, with several genera exhibiting bioluminescence. Gulper sharks 
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(Centrophorus spp.) have been recorded from record depths of over 6000m! Members of the 
Squalidae range from several dwarf species, including the spined pygmy shark, Squaliolus laticaudus 
(which may be the smallest species of shark since it matures at 15cm and attains a maximum length 
of 25cm) to the large sleeper sharks (Somniosus spp.) that may exceed 6m in length. This family also 
includes the only know parasitic chondrichthyan: the cookie cutter sharks (Isistius spp.). These sharks 
utilize their enlarged "lips" and pharynx to suck onto their prey, then insert their sawlike lower teeth 
into the flesh of their victim, then spin and twist to remove plugs of flesh. The "crater-like" scars 
from these attacks have been found on a variety of victims including dolphins, whales, large teleosts, 
megamouth sharks -- and the rubber sonardomes of U.S. Navy nuclear submarines. 
Table 2.1. Extant orders and families of sharks (Compagno 1984a,b). 
Order Family Common name 
Hexanchiformes Compagno, 1973 Chlamydoselachidae Garman, 1884 
Hexanchidae Gray, 1851 
Frilled shark 
Sixgill & sevengill sharks 
Squaliformes Compagno, 1973 Echinorhinidae Gill, 1862 
Oxynotidae Gill, 1872 
Squalidae Blainville, 1816 
Bramble sharks 




Pristiophoridae Bleeker, 1859 Saw sharks 
Squatiniformes Compagno, 1973 Squatinidae Bonaparte, 1838 Angel sharks 
Heterodontiformes Compagno 
1973 
Heterodontidae Gray, 1851 Bullhead or horn sharks 
Orectolobiformes Compagno, 
1973 
Parascylliidae Gill, 1862 
Brachaeluridae Applegate, 1974 
Hemiscylliidae Gill, 1862 
Orectolobidae Gill, 1896 
Ginglymostomatidae Gill, 1862 
Stegostomatidae Gill, 1862 
Rhiniodontidae Muller & Henle, 
1839 









Scyliorhinidae Gill, 1862 
Proscyllidae Fowler, 1941 
Pseudotriakidae Gill 1893 
Triakidae Gray 1851 
Leptochariidae Gray, 1851 
Hemigaleidae Hasse 1879 
Sphyrnidae Gill, 1872 










Lamniformes Compagno, 1973 See Chapter One 
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Pristiophoriformes 
This is a poorly known order of relatively small (maximum size 1.37m) sharks that are found 
inshore and offshore at depths of at least 915m. The saw sharks are a morphologically distinct group 
of sharks so named because of their elongated, flattened snout that bears numerous lateral teeth (thus 
resembling a saw). The single family Pristiophoridae, contains five species in two genera which are 
easily distinguished (Pliotrema is differentiated from Pristiophorus by the presence of six pairs of gill 
slits, an unusual trait among elasmobranchs). 
Squatiniformes 
The order Squatiniformes contains one family Squatinidae and one genus Squatina containing 
12 species of angel sharks. These are dorsoventrally flattened, primarily benthic sharks that inhabit 
coastal waters and are occasionally found at depths of up to 1300m. The maximum length of these 
sharks is 2m, although most species attain less than 1.6m. These sharks are often found buried in 
sediments, where they ambush their prey by quickly snapping their jaws, which are equipped with 
needle-sharp teeth. It is because of their speed and dentition that these sharks should be regarded as 
potentially dangerous. Several angel shark species are fished commercially for food, oil and leather. 
Heterodontiformes 
This order contains one family (Heterodontidae) and one genus (Heterodontus) with eight 
species of horn sharks. These are bottom-dwelling, nocturnal sharks and, although one species (H. 
ramalheira) occurs at depths between 108-275m, most occur in shallow water. Heterodontids are 
small sharks (a maximum size of 1.65m is reported but they rarely exceed 1.37m) and are easily 
distinguished from other sharks by their blunt, pig-like snout and dorsal fin spines. These sharks are 
easily kept in public aquaria and because of this, much is known of their reproduction and biology. 
Courtship behavior, which is generally poorly understood in elasmobranchs, has been documented 
from several captive species. In addition, their shallow water habitat allows them to be easily studied 
and at least one species, H. portusjacksoni, has been observed extensively in the wild. Horn sharks 
lay unique, spiral shaped eggs and wild sharks are known to carry these eggs in their mouths and 
presumably insert ("screw") these eggs into crevices and between rocks. 
Orectolobiformes 
Collectively known as carpet sharks, this is the third largest order of sharks, with 9% of all 
shark species (Compagno, 1990c). There are at least 32 species organized in seven families. Many 
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species are benthic, coastal sharks, around 1 m in length. These include the collared carpet sharks 
(Parascylliidae), which can change their color to match the substrate; blind sharks (Brachaeluridae), 
named for their habit of closing their eyes when caught (not because of impaired vision); and bamboo 
sharks (Hemiscylliidae}, also called long-tailed sharks. Several other orectolobiform families include 
species that exceed 3m in length, including the wobbegongs (Orectolobidae), nurse sharks 
(Ginglymostomatidae), zebra sharks (Stegostomatidae) and the largest living shark, the whale shark 
(Rhiniodontidae; see Chapter One). Although carpet sharks are generally harmless, attacks have been 
reported for orectolobids and ginglymostomids. These attacks are not fatal and are often provoked, 
occuring when the shark, which normally rests on the bottom, is stepped on or molested. Several 
species, including the nurse shark Ginglymostoma cirratum, are maintained in public aquaria. As for 
the Heterodontiformes, captivity provides a unique opportunity to study these animals and hence the 
mating behavior of G. cirratum is well known. 
Carcharhiniformes 
The Carcharhiniformes (ground sharks) are the largest order of sharks, with a total of at least 
210 species in 48 genera and eight families, and representing 53% of all living shark species 
(Compagno, 1990c). This order includes the largest family of sharks, the Scyliorhinidae with at least 
89 species of catsharks. The Carcharhiniformes are a diverse group of sharks that have been 
successful in almost every marine ecological niche. The Scyliorhinidae, Triakidae and 
Pseudotriakidae are found at depths of at least 1500m. The Leptochariidae, Hemigaleidae and 
Proscyllidae contain harmless species that rarely exceed 1.4m in length. This last family includes the 
pygmy ribbontail catshark, Eridacnis radcliffei, which matures at 15cm and achieves a maximum 
length of only 24cm. At the other extreme, the Carcharhiniformes contains two families of very large 
sharks, the Sphyrnidae (hammerhead sharks) and the Carcharhinidae (requiem sharks), that each 
acheive lengths of at least 3m. Some of these species have been implicated in numerous attacks on 
humans, and carcharhinids may be responsible for more attacks on humans than any other 
neoselachian group. The Carcharhinidae are primarily tropical sharks, and also contain the only 
known sharks that can live in freshwater for extended periods of time: the bull shark (Carcharhinus 
leucas) and river sharks (Glyphis spp.). As a consequence, the bull shark and the Ganges shark 
(Glyphis gangeticus) are believed responsible for attacks (sometimes fatal) on humans in freshwater 
lakes, rivers and streams. Other dangerous species include the tiger shark (Galeocerdo cuvier; 
perhaps the most dangerous species of tropical shark) and the oceanic white tip (Carcharhinus 
longimanus; believed responsible for attacking victims of ships sunk in the open sea). 
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Skates and rays (Batoidea) 
The batoids are the largest group of cartilaginous fishes with 494 species (55% of all 
chondrichthyans; Compagno, 1990c). Compagno (1973} recognized five orders of batoids. The two 
largest orders are the Rajiformes (skates; 223 species} and the Myliobatiformes (stingrays, eaglerays, 
manta rays; 171 species), some of which are the only known chondrichthyan species confined to 
freshwater habitats. The Rhinobatiformes (guitarfishes; 53 species}, Torpediniformes (electric rays; 
43 species) and the Pristiformes (sawfishes; four species), make up the remainder of the Batoidea 
(Compagno, 1990c). Only relationships between batoids and sharks are considered in this Chapter. 
Guide to the major morphological characters used in elasmobranch systematics 
The anatomical characters used in elasmobranch systematics are often controversial. This is 
illustrated by the lack of a standard morphological terminology for this group. This problem is 
compounded by an often inadequate morphological characterization of elasmobranch taxa, and has 
made the study of this group difficult (Compagno, 1988). Compagno's (1988) morphological 
analysis of the Carcharhiniformes is one of the most comprehensive anatomical examinations of a 
group of sharks known to date. Therefore, terminology and morphological characters utilized in this 
section are based on Compagno's study (unless otherwise noted) in an effort to simplify this 
introduction to important anatomical characters. 
Dentition 
Dental characters are of primary importance in the analysis of extinct taxa, since most fossil 
shark species are based solely on teeth (Chapter Three). However, a general introduction to dental 
characters is presented here because of its usefulness in assessing relationships among living sharks. 
The base of the shark tooth, which is embedded in a dental membrane and anchors the tooth in the 
jaw, is called the root. The crown of the tooth provides the cutting surface of the tooth and is covered 
with a shiny substance termed "enameloid", which is distinct from both dentine and enamel. The 
crown is subdivided into three regions: the foot, the neck, and the cusp. The expanded base of the 
crown, called the foot, is separated from the root by the neck, which is a band of varying thickness. 
Above the foot is the primary cusp, the cutting surface of the tooth. The foot may also possess 
cusplets and the number, position, and size of these cusplets are often useful systematic characters. 
The surface of the tooth is described according to its position in the mouth as either labial 
(facing outside; "labial" means pertaining to the "lips") or lingual (facing inside; "lingual" refers to 
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the tongue). Histologically, the teeth can be divided into two major groups: orthodont and osteodont. 
Although, the composition of the tooth is controversial, orthodont teeth are easily distinguished by the 
presence of a pulp cavity (a central vascular canal) that is absent from osteodont teeth, such as those 
found in lamniforms. The teeth of sharks are arranged in labiolingual files (which contain teeth in 
various stages of development) and mesiodistal rows (where teeth are in comparable stages of 
development). Tooth replacement is continuous throughout the lifetime of the shark, and proceeds 
such that teeth developing in more lingual positions move labially to replace those in front of them. 
Shark dentition may be heterodont, in which teeth along the jaw are morphologically distinct, 
or homodont, in which all teeth are identical along the jaw. Shark teeth may also be differentiated 
along one jaw (either the upper or lower jaw; monognathic heterodonty) or there may be differences 
between teeth in both the upper and lower jaws (dignathic heterodonty). Lamniforms possess five 
different types of teeth that can be distinguished by both their morphology and their position in the 
jaw: anterior teeth (A); symphysial teeth (S); intermediate teeth (I); lateral teeth (L); and posterior 
teeth (P) (Applegate, 1965). Most lamniform taxa {except Mitsukurina, Megachasma, Cetorhinus, A. 
superciliosus) possess a small intermediate tooth, not found in other shark groups, which divides the 
anterior teeth from the lateral teeth in the upper jaw. This arrangement is known as the "lamnoid" 
tooth pattern, and it is unique to lamniforms. 
Other forms of heterodonty depend upon growth and sex. In lamniform sharks, ontogenetic 
heterodonty is known for C. taurus, A. superciliosus, C. carcharias, 1. oxyrinchus (Chapter One) and 
L. nasus (Cigala Fulgosi, 1983; Compagno 1988) and is suspected in O. noronhai and P. kamoharai 
(Shimada, 2001, 2002a). For example, lateral cusplets may be lacking in embryos but present in 
adults (e.g., C. taurus), or vise-versa (e.g., C. carcharias). Sexual heterodonty is known in C. 
maximus (Compagno, 1988), A. superciliosus (Cigala Fulgosi, 1983; 1988; Compagno, 1988) and P. 
kamoharai (Bass et al., 1975). 
Chondrocranial characters and jaw suspension 
The "skull" of sharks is composed of two parts: (1) the splanchnocranium (also called the 
visceral arches), which in sharks form the jaws, the hyoid arch (which supports the jaw) and the 
branchial arches (which supports the gills and respiratory musculature); and (2) the chondrocranium,
cartilaginous blocks that surround sensory structures. In sharks and other cartilaginous fishes, the 
dermatocranium does not develop, and instead, the chondrocranium (which remains rudimentary in 
other vertebrates) develops further and becomes the only structure that protects the brain and 
associated sensory systems of the head. 
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Unlike mammals, the upper jaw (palatoquadrate cartilage) of elasmobranchs is not fused to 
the skull. The way in which the palatoquadrate attaches to the chondrocranium, called jaw 
suspension, has typically been described in sharks as either amphistylic or hyostylic. In sharks with 
an amphistylic jaw suspension the palatoquadrate connects to the chondrocranium anteriorly by a 
ligament and posteriorly via the hyomandibula (the top part of the hyoid arch). In sharks with a 
hyostylic jaw suspension the jaws are only attached to the hyomandibula. Examination of jaw 
suspension in sharks reveals that it is more complicated than this simple dichotomy, and may provide 
useful taxonomic characters (Compagno, 1988). 
The chondrocranium of sharks is divided into four regions: (1) the ethmoidal region, 
including the rostrum (cartilage of the snout) and nasal capsules; (2) the orbital region, including the 
orbits (the "eye sockets"), (3) the otic region (which encloses the inner ear) and (4) the occipital 
region, the posterior chondrocranium. Differences in both the morphology and proportions of these 
four regions are useful traits in shark taxonomy. For example, the rostrum of both lamniforms and 
carcharhiniforms possesses a characteristic "tripodal" shape; this feature is often used to unite these 
two groups (see below). 
Several specific chondrocranial characters worth noting include both the suborbital 
(subocular) shelf and the chondrocranial foramina. The suborbital shelf, a horizontal plate in the floor 
of the orbit is present in all galeomorph and squatinomorph sharks but absent in squalomorphs and 
batoids. chondrocranial foramina are openings in the braincase usually associated with the passage 
of blood vessels or nerves. Of particular taxonomic importance are the positions of foramina for both 
the various cranial nerves and their branches (peripheral nerves originating from the brain} and 
several blood vessels that serve the brain and eye. These include several vessels important in 
endothermy such as the efferent hyoidean artery, paired dorsal aortae, internal carotids and the 
stapedial artery, a branch off the efferent hyoidean that goes to the orbit and snout. The stapedial 
artery may enter the chondrocranium via a foramen; or this foramen may enlarge to become the 
stapedial fenestrae (a fenestra is an opening in the braincase), as in lamniforms. 
Several muscles associated with the head and jaws of sharks are useful in differentiating 
individual shark taxa. These include: the preorbitalis muscle (which protrudes the upper jaw and 
helps close the mouth); the adductor mandibulae (the main muscle responsible for closing the mouth); 
the levator palatoquadrate (raises the upper jaw); and the levator hyomandibulae (involved in 
movement of the hyomandibula). Several aspects of these muscles, including the position, function, 
composition and both the origin and insertion (points of attachment of muscles that are least and most 
moveable, respectively) are used in shark systematics. 
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Fins 
Elasmobranchs possess a caudal (tail) fin, one or more dorsal fins along the back, and the 
ventrally-placed paired pectoral and pelvic fins. The presence of an anal fin, located ventrally 
between the pelvic fins and tail, is an important character present. in all galeomorph sharks and 
hexanchiforms. Characters such as the relative position and proportion of the fins, and the presence 
of spines on the dorsal fins, are also utilized in taxonomy. The presence of precaudal pits (a notch or 
depression which occurs anterior to the caudal fin) and their position (either dorsal, ventral or both), 
or keels (which protrude laterally from the base of the caudal fin) are also useful taxonomic 
characters, particularly within Lamniformes. 
The skeleton that supports the pectoral fin also provides important taxonomic characters. The 
organization of the pectoral fin falls into two categories that differ in the distal extension of the radial 
cartilages into the fin web. In aplesodic fins, the distal segments of the radials are truncated and 
hence the distal fin web is supported primarily by ceratotrichia. Since the ceratotrichia are thin and 
flexible, the distal portion of the fin is easily bent. In plesodic fins, the radial cartilages extend well 
into the fin web in order to stiffen and support the fin. Pectoral fins with a plesodic fin skeleton are 
therefore less flexible than those with aplesodic fin skeletons. Plesodic fins are considered a derived 
lamniform feature by Compagno (1990b), but this view is not unanimous (e.g., Morrissey et al., 
1997). Certain Mesozoic lamniforms (e.g., Cretoxyrhina, Squalicorax) also have plesodic pectoral 
fins (Chapter Three). 
Other external characters 
Several other important external characters used in shark taxonomy include: the 
presence/absence of a nictitating lower eyelid (moveable lower eyelid; NLE}; presence and size of the 
spiracle (the first gill opening, which resembles a hole between the eye and the first gill slit); number, 
position and size of the external gill slits; morphology of the nostril region including the presence of a 
nasooral groove (a shallow depression between the nostril and the mouth on the ventral surface of the 
snout); and morphology of the dermal denticles (the tooth-like scales of chondrichthyans). 
Vertebral column and calcification 
In elasmobranchs the notochord (a long, fluid-filled rod composed of fibrous connective 
tissue) is constricted along is axis by a series of cartilaginous blocks (the vertebrae). The absence of 
vertebrae (and hence dependence on a notochord) is considered an ancestral feature in sharks (see 
Hexanchiformes below). In sharks, there are two main types of vertebrae: trunk vertebrae, which 
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possess attachment sites for ribs; and caudal vertebrae, which are easily recognized by the presence of 
the Kemal arch, a ventral V-shaped projection off the centrum (the circular midsection of the 
vertebrae) that protects the blood vessels that serve the caudal fin. In sharks, the cents of trunk 
vertebrae may be monospondylous or diplospondylous, in which there are one or two cents per 
muscle block, respectively. The diplospondylous condition in sharks is believed to occur during 
development, when the cents elongate and subsequently divide forming two vertebrae of varying 
lengths. This process results in a "stutter zone": a series of alternating long and short vertebral cents, 
characteristic of regions containing diplospondylous cents. The total number of vertebrae, including 
the exact number of the three different types of vertebrae, and various length and width ratios of the 
vertebrae, are widely-used taxonomic characters in sharks. 
The use of both the structure of the vertebral cents and their calcification patterns were 
important characters used in elasmobranch systematics throughout the early twentieth century. 
However, the patterns of calcification are controversial and may be influenced by environmental 
factors, since deep-water species often display decreased calcification of the skeleton. For example, 
among lamniform sharks, species known to inhabit deep water, such as O. ferox and A. superciliosus, 
display reduced calcification patterns as compared to species that do not inhabit these environments 
(C. taurus and A. vulpinus, respectively). Other deep-water lamniforms, including Mitsukurina and 
Pseudocarcharias, also display simplified calcification patterns. An extreme example is observed in 
Megachasma, which possesses a very rudimentary axial skeleton. For these reasons, caution must be 
applied when considering these characters in systematic analysis. 
The presence of dense, irregular masses of calcified cartilages (hypercalcification) may also 
be useful taxonomic characters in sharks. One example is Lamna, in which the rostrum is a heavily 
calcified, solid structure as compared to the hollow rostra of other shark species. 
The intestine 
The type of intestine, and the number of rings or turns in the intestine, are used as 
morphological traits for taxonomy. Unlike the long intestinal tracts of mammals, the intestines of 
sharks are short and rely upon modifications of mucosal folds to increase the surface area available 
for absorption of nutrients. These modifications define the three different types of intestines found in 
sharks. (1) A spiral valve intestine is considered the most ancestral type and is found in most shark 
species. It is characterized by a helix-like folding of the intestinal mucosa such that when opened, the 
inside of the intestine resembles a series of overlapping cones. (2) A ring valve intestine, so named 
for its series of transverse mucosal folds that surround the intestinal lumen, is present primarily in 
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lamniform and orectolobiform sharks; although Hexanchus (Hexanchiformes) and Apristurus 
{Carcharhiniformes) also possess this type of intestine (Compagno 1988). (3) A scroll valve intestine 
is restricted to the families Carcharhinidae and Sphyrinidae, and consists of a large flap of mucosal 
tissue that rolls up on itself. Sharks with scroll valves are the only known species of sharks capable 
of everting their intestine through their cloaca, thus releasing its contents. 
Classification of sharks 
To date, the majority of morphology-based elasmobranch taxonomy is based on inference 
(phenetic gestaldt) rather than tested with phylogenetic analysis. Theories on relationships among 
taxa are often presented as vague statements with little explanation or supporting evidence. This 
results in elasmobranch classifications that depend upon both the characters chosen and on individual 
interpretations of these characters. Thus, it is not surprising that relationships among elasmobranchs 
are highly controversial. Compagno (1973, 1977) divided the elasmobranchs into four superorders: 
Squalomorphii (comprising Hexanchiformes, Squaliformes and Pristiophoriformes); Squatinomorphii 
(Squatiniformes only); Batoidea (skates and rays); and Galeomorphii (comprising Heterodontifomes, 
Orectolobiformes, Carcharhiniformes and Lamniformes). The first morphology-based cladistic 
analyses of elasmobranchs were conducted by Shirai (I 992a,b), followed by Shirai (1996) and De 
Carvalho (1996). These analyses were often at odds with several traditional views and are briefly 
discussed below. 
Batoidea and Sharks 
Debate continues on the relationships between batoids and sharks. Traditionally, living 
elasmobranchs have been divided into ashark-ray dichotomy (e.g., Regan, 1906; Garman, 1913; 
White 1936, 1937; Bigelow and Schroeder 1948; Compagno, 1973, 1977}. However, Jordan (1923) 
and Moy-Thomas (1938) grouped squatiniforms with rays, rather than sharks. cladistic analyses 
recovered a Glade that comprised Squatiniformes, Pristiophoriformes, and Rajiformes (=Batoidea), 
referred to as the "hypnosqualean" group (Shirai, 1992a,b, 1996; De Carvalho, 1996). 
Hexanchiformes 
The Hexanchiformes are phylogenetically controversial for two reasons: (1) their position at 
the base of the Neoselachii, and (2) whether the order is monophyletic. The basal position of 
Hexanchiformes is based principally on the amphistylic jaw articulation and the nature of the 
vertebral column (see above). Compagno (1977), however, stated that certain non-hexanchiforms 
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(e.g., Pseudocarcharias) have an amphistylic jaw suspension, and that the loss of vertebrae is 
secondary. Studies also disagree over whether the Hexanchiformes are monophyletic (Compagno, 
1977; De Carvalho, 1996) or paraphyletic (Bigelow and Schroeder, 1948; Shirai, 1992a, 1996). 
Squalomorphii 
The monophyly of the Squalomorphii (sensu Compagno, 1973, 1977) is also controversial. 
According to cladistic analyses (Shirai, 1992a, 1996; De Carvalho, 1996}, the Squaliformes is 
paraphyletic, and all agree on the removal of the Echinorhinidae. These cladistic analyses regard 
Galeomorphii as the sister taxon to a Glade (called Squalea) that comprises hexanchiforms, 
squaliforms, squatiniforms, pristiophoriforms and batoids. 
Galeomorphii 
Historically, the monophyly of the Galeomorphii has proven less contentious than the 
Squalomorphii. The two main issues regarding galeomorph sharks are (1) the inclusion of the 
Heterodontiformes, and (2) relationships among galeomorph taxa (including the sister group of 
lamniform sharks). 
Heterodontiformes 
Heterodontiformes were not always included with other galeomorph sharks; in fact, they were 
once considered ancestral, and allied with the fossil hybodonts (e.g. Jordan 1923; White, 1936, 1937). 
The traits used to unite heterodontiforms and hybodonts are now recognized as either basal 
neoselachian characters or convergent (Compagno, 1977, 1988). Recent cladistic analyses strongly 
support the inclusion of Heterodontiformes in a Glade with Orectolobiformes, Carcharhiniformes and 
Lamniformes, thus affirming the monophyly of the Galeomorphii (Shirai, 1992a, 1996; De Carvalho, 
1996). The relationship between heterodontiforms and other galeomorphs is still unresolved, as this 
group is placed either at the base of the Galeomorphii (Shirai, 1992a, 1996; De Carvalho, 1996}, or in 
a Glade with the orectolobiforms (Compagno, 1977, 1988; contra Applegate, 1972). 
Orectolobiformes and Lamniformes 
These two orders have been united based on vertebral calcification patterns, and the shared 
presence of a ring valve intestine, and the absence of a NLE (Regan, 1906; White 1936, 1937). 
Individual orectolobiform taxa have been allied with lamniforms, including Rhiniodon (Garman, 
1913; this was based on filter-feeding, see Chapter One) and Ginglymostomatidae (Applegate, 1972). 
60 
A close relationship between Lamniformes and Orectolobiformes has also been suggested based on 
the fossil shark Palaeocarcharias, which has lamniform-like teeth combined with an orectolobiform-
like body (Chapter Three). Compagno (1988), however, refutes the characters used to unite 
Orectolobiformes and Lamniformes stating that presumed similarities in vertebral calcification 
patterns and the absence of an NLE are ancestral characters present in other groups of sharks, 
including non-galeomorphs. Compagno (1988) also contends that vertebral calcification patterns are 
influenced by habitat, and are hence unreliable for phylogenetic purposes (see above). In addition, 
Compagno states that the ring valve intestines of these sharks are different (long and narrow in 
lamniforms, but short and wide in orectolobiforms), and not all orectolobiforms possess this intestinal 
type. A ring valve intestine is also present in other sharks (see above). 
Lamniformes and Carcharhiniformes 
Compagno (1998) claims that the Carcharhiniformes are the sister taxon to Lamniformes, a 
relationship that is supported by cladistic analyses (Shirai, 1992a, 1996; De Carvalho, 1996). De 
Carvalho (1996) recovered six characters that unite lamniforms and carcharhiniforms (although he 
cautions that almost all display some degree of homoplasy): ethmoidal region not downcurved; 
similarities in both the origin and insertion of the preorbitalis muscle; absence of nasooral groove; 
presence of tripodal rostrum; and absence of special folds (called "aprons") over the root of the tooth. 
Shirai (1996) retained the Lamniformes +Carcharhiniformes Glade based on the shared presence of a 
tripodal rostrum and a secondarily shortened inter-orbitonasal region (in contrast to the elongated 
space found in orectolobiforms and heterodontiforms). Maisey (1984) advanced several shared 
chondrocranial characters (e.g., enlarged stapedial fenestrae; a pocket for the attachment of the deep 
adductor muscle) as well as similarities in both vertebral calcification patterns and. dorsal fin size. 
Compagno (1988) stated that an elongated preoral snout, labially expanded bilobed tooth roots, and 
clasper siphons may be used to unite lamniforms and carcharhiniforms. Munoz-Chapuli et al. (1994) 
supported a close relationship between lamniforms and carcharhiniforms (particularly Carcharhinidae 
and Sphyrnidae) based on the arrangement of coronary arteries (the blood vessels which serve the 
heart), a character not discussed by other authors. 
However, several of the characters used to link Lamniformes and Carcharhiniformes are 
contentious. For example, a tripodal rostrum is often considered unique to Lamniformes and 
Carcharhiniformes (Compagno, 1977; Maisey, 1984; De Carvalho, 1996), but a putative tripodal 
rostrum is found in a fossil orectolobiform (Acanthoscyllium; Capetta 1980), although Compagno 
[1988] believes this trait was possibly misidentified. Also, developmental studies conducted on 
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Squalus and some batoids suggest rostral elements that may be homologous to those forming the 
tripodal rostra of galeomorphs may develop in these taxa (Maisey, 1984). In addition, lamniforms 
possess an osteodont tooth histology (carcharhiniforms are primarily orthodont) and a unique 
"lamnoid tooth" pattern (see above). Compagno (1988) disputed several of Maisey's characters, 
including vertebral calcification patterns (for reasons listed above) and enlarged first dorsal fin with 
reduced second dorsal fin (not in Mitsukurina and Carcharias). In addition, Compagno (1988) noted 
that enlarged stapedial fenestrae are not present in Mitsukurina or basal carcharhiniforms, and are 
greatly enlarged only in the Lamnidae. Nevertheless, although there is disagreement on the 
characters used to unite lamniforms and carcharhiniforms, this relationship appears to be generally 
accepted. 
Molecular systematics of Elasmobranchii 
Analyses of elasmobranchs based on anatomical characters remain controversial, as 
relationships (and monophyly) of Compagno's (1973, 1977) orders remains uncertain. Compagno 
(1988) stated that further evidence was necessary to resolve discrepancies regarding elasmobranch 
sytematics. In this regard, several molecular studies have been conducted. 
The first molecular based studies of elasmobranch systematics utilized a technique known as 
microcomplement fixation (MCF) to assess relationships among taxa. In MCF, the antigen binding 
sites of a particular protein are examined by subjecting the protein to polyclonal antibodies. The 
amount of antigen binding is examined by comparing the ratio of bound versus unbound complement 
(proteins that associate only with tightly-bound antigen-antibody complexes): the amount of bound 
complement is proportional to the number of antigen sites bound by antibodies. Since the binding of 
antibodies and antigens is highly specific, this technique is used as an estimate of sequence similarity 
(Quicke, 1993). Several studies assessed relationships among sharks (although not all orders were 
included) by examination of the iron-binding serum protein transferrin by MCF (Burch et. al., 1984; 
Davies et al., 1987; Lawson et al., 1995). Results of these studies showed a strong split between 
squalomorph and galeomorph sharks. The inclusion of Heterodontiformes in the Galeomorphii was 
strongly supported (Davies et al., 1987; Lawson et al., 1995; this order was not included by Burch et 
al. [ 1984]). Lawson et al. (1995) also support the placement of batoids as basal elasmobranchs rather 
than derived sharks (this was the only analysis to include a member of the Batoidea). 
The first analysis to utilize sequence data was conducted by Dunn and Morrissey (1995). In 
this preliminary study, 303 by of the mitochondrial 12S rRNA gene were examined from five 
elasmobranch taxa (representing Hexanchiformes, Squaliformes, Lamniformes, Heterodontiformes, 
62 
and Batoidea). The analysis supported a close relationship between hexanchiforms and squaliforms, 
and between heterodontiforms and lamniforms, and supported the basal shark-ray dichotomy. 
Kitamura et al. (1996) examined the mitochondrial cytochrome b gene of four shark species 
(a hexanchiform, squaliform, pristiophoroiform, and squatiniform) and several batoids. The resulting 
analysis (which was based the amino acid sequence of a partial cytochrome b sequence) supported 
Shirai's (1992a, 1996) and De Carvalho's (1996) placement of the hexanchiforms as the sister taxon 
to a Glade containing squaliforms, pristiophoriforms and squatiniforms, but disagreed with the 
monophyly of the "hypnosqualean Glade". Kitamura et al. (1996) argued that Squaliformes was the 
sister taxon to a Pristiophoriformes + Squatiniformes Glade. This differs from Shirai (1992a, 1996) 
and De Carvalho (1996) in the placement of the batoids, which according to Kitamura et al. (1996) 
are the sister taxon to all sharks rather than related to the pristiophoriforms. Unfortunately, since no 
galeomorph sharks were included in the analysis, relationships within this group were not examined. 
In an attempt to examine relationships between osteichthyan and chondrichthyan fishes. 
Arnason et aI. (2001) examined twelve mitochondrial protein-coding genes from a heterodontiform, a 
squaliform, a batoid, two carcharihiniform sharks and eleven osteichthyan taxa. Although this study 
was not specifically designed to test relationships among elasmobranchs, the authors state that a split 
between galeomorph and squalomorph sharks (sensu Compagno, 1973) was strongly supported. In 
addition, no evidence was found to support a close relationship between squaliforms and batoids, 
thereby disagreeing with Shirai (1992a, 1996) and De Carvalho (1996). However, the authors 
indicate that because the taxa necessary to examine the paraphyly of sharks (i.e., squatiniforms and 
pritiophoroforms) relative to rays were not included in the analysis, it was premature to refute the 
"hypnosqualean Glade". 
The most recent molecular analysis of elasmobranch relationships was conducted by Douady 
et al. (2003). This analysis criticized both the number of taxa sampled and the methodology of 
previous molecular-based analyses. For example, neither the study by Dunn and Morrissey (1996) 
nor Arnason et al. (2001) included the taxa necessary to resolve the monophyly of the hypnosqualean 
Glade; and although Arnason et al. (2001) used a large dataset, Dunn and Morrissey's (1996) analysis 
was limited to a fragment of the 12S rRNA gene. Kitamura et al. (1996) was criticized in several 
respects, including limited taxon sampling; choice of outgroups (instead of a chimera, the very 
distantly related lamprey was included); the use of cytochrome b (which is questionable for analyses 
.regarding deep divergences, see Chapter Four); and the absence of support values for their study. 
Douady et al. (2003) endeavored to redress these problems by using a 2.4 kb fragment of the 
mitochondrial genome composed of 12S rRNA, 16S rRNA and the intervening tRNA-Val sequences 
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for all shark orders and two batoid orders (Rajiformes and Myliobatiformes). This study found strong 
support for an ancient split between sharks and rays, and neither the choice of outgroup nor the tree 
reconstruction method changed this result. The results concur with those of Kitamura et al. (1996), in 
which hexanchiforms are the basal outgroup to a Glade containing squaliforms, pristiophoriforms and 
squatiniforms. Among galeomorph sharks, the sister group relationship between lamniforms and 
carcharhiniforms was strongly supported; but the .placement of both the orectolobiforms and 
heterodontiforms was variable. Douady et al. (2003) suggested that .significantly more information 
(both in number of taxa and molecular characters} was required to determine their position more 
accurately. 
Molecular data versus Morphological data 
Given the controversy regarding the systematics of this group, surprisingly few molecular 
studies have been conducted on elasmobranchs. With the exception of Douady et al. (2003), these 
analyses fail to include representatives of all orders of sharks. However, despite these shortcomings, 
all molecular-based analyses seem to support the traditional shark-ray dichotomy rather than a 
hypnosqualean Glade. Molecular analyses also place Heterodontiformes within the Galeomorphii, and 
Douady et al. (2003) found strong support for the Carcharhiniformes as the sister taxon to the 
Lamniformes. Further molecular and morphological based investigations of elasmobranch 
systematics must be more rigorous if relationships among these groups are to be tested and evaluated. 
Lamniform interrelationships 
Some early classifications split the Lamniformes into two main groups: the first included 
Odontaspididae and Mitsukurinidae, and the second included Lamnidae, Alopiidae and Cetorhinidae 
(e.g., Regan, 1906; Garman, 1913, White, 1936, 1937; the Pseudoca.rchariidae and Megachasmidae 
were not yet known to science; Chapter One). White (1936, 1937) based this split on several 
characters including: dentition; position and size of the dorsal fins; the presence or absence of 
precaudal pits; pectoral fin and clasper morphology; vertebral calcification patterns; and cardiac 
characters (specifically the placement of heart valves). 
Compagno (1990b) constructed a cladogram of the Lamniformes based on his interpretation 
of the polarity of characters (Fig. 2.1); these characters were not put through a cladistic analysis. 
Several characters were considered of particular importance, such as jaw suspension, pectoral fin 
skeleton, and number of turns of the intestine. Carcharias, Odontaspis and Alopias have a similar 
jaw suspension, with awell-developed orbital process that articulates with a depression in the ventral 
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surface of the chondrocranium; this is similar to the condition in carcharhiniforms, and hence is 
deemed ancestral. The orbital process is reduced in Mitsukurina and Pseudocarcharias, and is absent 
from Cetorhinus and Lamnidae; in these sharks, ethmopalatine ligaments aid in the suspension of the 
palatoquadrate (Compagno, 1990b). Mitsukurina, odontaspidids and Pseudocarcharias all possess 
aplesodic pectoral fins (considered plesiomorphic by Compagno), whereas the pectoral fins of 
Megachasma, Alopias, Cetorhinus and Lamnidae are plesodic. The third character is the number of 
turns in the spiral valve, with higher numbers considered derived. Compagno (1990b) also 
considered chondrocranial characters "especially useful"; unfortunately he did not elaborate upon 
these, and regarded a "detailed account" of these characters as "beyond the scope of this account". 
Further, it is difficult to discern the evolutionary significance of many of his characters, making his 
non-cladistic analysis difficult to evaluate. 
Compagno (1990b) regarded the highly autapomorphic genus Mitsukurina as the basal 
lamniform taxon. The Odontaspididae (sand tigers} were considered paraphyletic, with Carcharias as 
the sister taxon to a Glade comprising all remaining lamniforms. The genera Odontaspis and 
Pseudocarcharias were considered successive outgroups to the Glade containing lamniforms with 
plesodic fins. Within this plesodic fin Glade, Megachasma was regarded as the basal taxon. The 
remaining lamniforms formed an Alopias+(Cetorhinus+Lamnidae) Glade. 
Compagno (1990b) also suggested possible alternative scenarios to this arrangement, such as 
a close relationship between Mitsukurina and Carcharias, as well as between Odontaspis and 
Pseudocarcharias, based on shared dental and chondrocranial features (although it is unclear exactly 
which features he uses in this assessment). The family Odontaspididae was considered paraphyletic 
on "weak evidence"; on the other hand, there was no strong evidence in support of 
Carcharias+Odontaspis Glade. Also, Compagno (1990b) suggested that O. noronhai (based on its 
low anal fin and large eyes} may be more closely related to Pseudocarcharias than O. ferox. 
However, he later (2001) asserted the distinction between the Odontaspididae and the monotypic 
Pseudocarchariidae. Compagno was also uncertain of his placement of Pseudocarcharias at the base 
of the plesodic fin Glade, because the characters that supported this position (e.g., reduction of third 
lower anterior teeth) may be convergent. 
Morphological guide to lamniform sharks 
Although a comprehensive review of morphological characters that separate lamniform taxa 
is beyond the scope of this text, it is worthwhile to review some of the major morphological traits that 
distinguish both lamniform genera and species. This discussion is based on Compagno (1990b, 2001) 
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unless otherwise noted. Sharks with an aplesodic pectoral fin skeleton are discussed first 
(Mitsukurina, Odontaspididae, Pseudocarcharias), followed by those with plesodic pectoral fins 
(Megachasma, Cetorhinus, Alopias, Lamnidae). 
Mitsukurina 
This bizarre-looking shark is easily distinguished by its unusually elongated "daggerlike" 
snout. The rostrum of this shark is unique, and possesses several modifications of the tripodal 
rostrum (e.g., its greater length; and a medial rostral cartilage that is expanded to form a plate). The 
jaw suspension of this shark is also unusual in that the position of the hyoid arch is reversed, thus 
allowing the jaws to swing forward. Aside from these autapomorphies, Mitsukurina possesses several 
characters regarded as ancestral by Compagno (1990b). The jaws of Mitsukurina possess three rows 
of large, anterior teeth in the upper jaw that are narrow and awl-like (as in Carcharias) and there are 
no intermediate teeth (this is replaced by a diastema). The intestine of Mitsukurina contains less than 
20 turns, and Mitsukurina lacks enlarged stapedial fenestrae and precaudal pits. The dorsal and anal 
fins are distinct in that they are small and rounded in contrast to the large angular fins of most 
lamniforms, and the anal fin is larger than the either of the two dorsal fins. The caudal fin possesses 
features that may be ancestral, such as a poorly elevated dorsal lobe and small ventral lobe (although 
the fossil mitsukurinid Scapanorhynchus has a prominent ventral lobe, and is more similar to other 
lamniforms in this respect [Chapter Three]). 
Odontaspididae (Carcharias and Odontaspis) 
The monophyly of the Odontaspididae was questioned by Compagno (1990b). However, 
recent classifications (e.g., Compagno, 2001) include Carcharias in the Odontaspididae. The genus 
Carcharias can be distinguished from the genus Odontaspis by the presence of three rows of large 
anterior teeth in the upper jaw, and the relative sizes of the first and second dorsal fin (which are 
equal in size in Carcharias, whereas the first dorsal is larger than the second dorsal fin is 
Odontaspis). Elsewhere among Lamniformes, both these features are found only in Mitsukurinidae, 
and may explain the basal placement of Carcharias. Other characters used to separate Carcharias 
from Odontaspis include the posterior shift of the first dorsal fin in Carcharias (this fin is closer to 
the pelvic fins, while in Odontaspis it is closer to the pectoral fin); jaw suspension, with Carcharias 
showing an arching of the basal plate below the anterior part of the suborbital shelves; a single row of 
intermediate teeth in the upper jaw of Carcharias (compared to two or more rows in Odontaspis); and 
only a single row of symphysial teeth in the lower jaw of Carcharias with none at all in the upper jaw 
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(Odontaspis has as one or more rows of symphysial teeth in both the upper and lower jaws). Both 
genera possess awl-like anterior teeth with blade-like lateral teeth, a caudal peduncle that lacks keels, 
and a tail that is non-lunate (i.e., it has a long upper lobe, and short ventral lobe). 
O. ferox can be distinguished from O. noronhai by the dentition. The teeth of O. ferox 
possess 2-3 cusplets on either side of the primary cusp; up to 5 (although usually 4) rows of 
intermediate teeth; and two rows of symphysial teeth in both the lower and upper jaws. O. noronhai 
possesses a single cusplet on either side of the primary cusp; only 1-2 rows of intermediate teeth; no 
more than 2 rows of symphysial teeth in the upper jaw (sometimes totally absent); and 2-4 rows of 
symphysial teeth in the lower jaw. symphysial teeth are present only in odontaspidids and 
Mitsukurina and are absent from all other lamniforms (except for Alopias; see below). 
Pseudocarcharias 
This was previously placed in the Odontaspididae, with which it shares awl-like anterior teeth 
and blade-like lateral teeth, and a tail that has a much longer upper than lower lobe. 
Pseudocarcharias can be separated from the Odontaspididae by its large orbits (and hence eyes); 
absence of symphysial teeth; teeth without cusplets (odontaspidids have 1-3 cusplets per tooth); gill 
openings that extend onto the dorsal surface of the head (further than in odontaspidids}; small and 
slender build, with an elongated body (odontaspidids are larger and stockier sharks); an anal fin with 
a narrow base capable of pivoting {the anal fin of odontaspidids is broad and cannot pivot); presence 
of both upper and lower precaudal pits (only an upper is present in odontaspidids); and a caudal 
peduncle with lateral keels (absent in odontaspidids). Several unique chondrocranial features of 
Pseudocarcharias include the shortened otic capsules; jaw suspension (the orbital process is fused 
with the dental bullae [hollow expansions near the symphysis of the jaws], which articulates with the 
orbits rather than the nasal capsules); and awedge-shaped ventral process on the internasal septum. 
Pseudocarcharias (as well as all other lamniforms except Mitsukurina and odontaspidids) has only 
two rows of anterior teeth in the upper jaw, and a reduction of the third lower anterior tooth (hence 
the third anterior tooth is the same size as the first lateral tooth). This last feature (combined with 
ancestral characters, such as aplesodic fins) prompted Compagno (1990b) to place ,Pseudocarcharias 
as the sister taxon to lamniforms with plesodic pectoral fins. 
Megachasma 
The discovery of the megamouth shark stimulated a renewed interest in the order 
Lamniformes, when Taylor et al. (1983) assigned Megachasma to this order (Chapter One). The 
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megamouth was placed in the Lamniformes based on an array of morphological characters, such as 
the presence of a tripodal rostrum; osteodont tooth type; non-molariform posterior teeth; the 
arrangement of neural foramina; chondrocranial and muscle characters; and an elongated, ring valve 
intestine with over 15 turns (Taylor et al., 1983). Megachasma also possesses the plesodic pectoral 
fins shared by Alopias, Cetorhinus and lamnids, but no other traits were found to link these families. 
Taylor et al. (1983) suggested that Megachasma may be the sister taxon to all other living lamniforms 
based on two possible plesiomorphic characters: the undifferentiated dentition (but also seen in 
Cetorhinus and Rhiniodon); and the presence of a well-developed orbital process on the 
palatoquadrate cartilage. Maisey (1985) argued for a Cetorhinus+Megachasma Glade within 
Lamniformes, and cited the following characters in support: modified tripodal rostrum (relative 
position of the median rostral cartilage [MRC] and laterial rostral cartilage [LRC]); dentition 
(increased number of tooth rows; simplified tooth morphology and loss of dental differentiation); and 
enlarged gill-rakers that extend to the margins of the gill openings and are covered by modified 
oropharyngeal scales. Compagno (1990b) takes issue with all of Maisey's characters, emphasizing 
that the filter-feeding apparatus of Megachasma and Cetorhinus are so radically different (Chapter 
One) that, according to Compagno, they could not share a common origin. 
Compagno (1990b) places Megachasma in the "advanced" lamniforms, which also includes 
Alopias, Cetorhinus and Lamnidae. The extreme protrusibility of the jaws, combined with the 
number of turns of the intestine (24 in Megachasma versus 33-55 of Alopias, Cetorhinus and 
lamnids) and the odontaspidid-like size, shape and position of the fins were considered by Compagno 
to be ancestral features, placing Megachasma at the base of this plesodic pectoral fin Glade. 
Although several morphological characters of this shark have already been discussed, several 
more are worth mentioning. The chondrocranium of Megachasma is broad and flattened with an 
extremely short rostrum and, in overall shape, resembles the skull of the extinct predatory lamniform 
Squalicorax (Chapter Three). Compagno (1990b), however, explicitly rejected a close relationship 
between anacoracids and Megachasma. Both the anterior fontanelle and parietal fossa (depressions in 
the roof of the chondrocranium) of Megachasma are unusual in that the former is large and greatly 
expanded laterally and the latter is reduced to a single deep slit. The jaws are greatly enlarged, such 
that the palatoquadrate cartilage is nearly twice the length of the chondrocranium, and the jaws extend 
to behind the level of the orbits. The manner of jaw suspension allows for significant forward 
protrusion of the jaws. Megachasma is also unique in that remnants of the notochord are still 
prominent as expansions between vertebral centra. 
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Alopias 
Thresher sharks (Alopias spp.) share with C'etorhinus and Lamnidae an enlarged first dorsal 
fin, increased intestinal valve count (to 33-55), and limited protrusibility of the jaws. The teeth are 
smaller than those of odontaspidids and Mitsukurina, and are more blade-like. Thresher sharks are 
readily recognized by their extremely elongate caudal fins. In addition, Alopias is the only lamniform 
(other than Megachasma) in which the last two gill openings are above the pectoral fin base. Both 
upper and lower precaudal pits are present, but la"teral keels are absent. Both the pectoral and pelvic 
fins are enlarged. The chondrocranium contains enlarged orbits, with shortened otic capsules. 
Vertebral counts of Alopias are the highest known for any living shark. Although not directly 
addressed by Compagno (1990b, 2001 }, modifications associated with endothermy may also unite the 
Alopiidae. Compagno states that there is very strong evidence to support the monophyly of this 
group. 
The three species of thresher sharks can be distinguished as follows. A. superciliosus is 
separated from other threshers by the presence a deep, V-shaped, horizontal groove (the nuchal 
groove) which extends from the eyes to about the middle of the pectoral fin and is visible on both the 
lateral and dorsal surfaces of the head; by its extremely enlarged eyes (and hence orbits), which 
extend onto the dorsal surface of the head; and by the absence of intermediate and symphysial teeth 
(these are usually present in both A. pelagicus and A. vulpinus). A. pelagicus can be distinguished 
from A. vulpinus by the more elongate snout in the former; no labial furrows (external, comma-
shaped grooves present at the angle of the mouth, found in A. vulpinus); a weak nuchal groove (absent 
in A. vulpinus); nearly straight, broad-tipped pectoral fins without a white patch above their base (in 
A. vulpinus, these fins are curved and narrow-tipped, with a prominent white patch above their base); 
and a total of 453-477 vertebrae, the highest known vertebral count of any living shark (versus 339-
364 in A. vulpinus). 
Compagno (1990b) unites A. superciliosus and A. pelagicus based on (but not limited to) the 
following characters: larger eyes than A. vulpinus; labial furrows reduced or absent; nuchal groves 
present; pectoral fins with broadened tips; ribs of monospondylous vertebrae modified to form an 
anterior hemal canal that protects the aorta, and extending all the way to the head; thickened and 
laterally expanded lateral rostral cartilages; and an increase in the number of rings in the intestine (37-
45 versus 33-34 in A. vulpinus). The claspers of both A. superciliosus and A. pelagicus are only 
moderately slender, in contrast to the extremely slender and whip-like claspers of A. vulpinus. 
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Cetorhinus 
As with Megachasma, traits associated with filter-feeding were discussed in Chapter One. 
These include the huge gill openings that extend onto the dorsal surface of the head; modifications to 
the gill-rakers; and numerous weakly differentiated teeth (up to 255 rows), which are reduced in size 
and hook-like in shape. The large size of this shark is also characteristic (Chapter One). Compagno 
(1990b) allied Cetorhinus with the Lamnidae based on several features including: spindle-shaped 
body; a depressed caudal peduncle with both upper and lower precaudal pits and strong lateral keels; 
enlarged gill openings (although these do not extend as far dorsally in lamnids as in Cetorhinus); a 
shortened and lunate caudal fin (the lower lobe is nearly the same length as the upper lobe); and the 
presence of an ectethmoid process, a lateral expansion of the suborbital shelf, which inhibits forward 
protrusion of the jaws. 
Lamnidae (Carcharodon, Isurus and Lacmna) 
The monophyly of the Lamnidae appears to be strongly supported. Synapomorphies include: 
relatively small number of large teeth (43-65 rows per jaw), which are blade-like, awl-like or 
triangular in shape; no symphysial teeth; several chondrocranial characters (e.g., greatly enlarged 
stapedial fenestrae; large orbits with strong supraorbital crests; nasal capsules depressed below the 
level of the basal plate); palatoquadrate cartilage with a mesial process present at the symphysis; and 
the strongly lunate tail. Traits associated with endothermy (discussed in Chapter One) also unite this 
group. Within this family, Compagno (1990b) allies Carcharodon with Isurus based on the 
following: shared presence of enlarged jaws and anterior teeth; teeth without lateral cusplets (except 
in juveniles of C. carcharias); increase in both the number of intestinal valves (47-55) and the total 
number of vertebrae (170-197); and possibly an adult body size exceeding 4m. 
Carcharodon is easily differentiated from other lamnids by its dentition: the teeth are serrated 
and flattened with broadly triangular cusps (those of both Isurus and Lamna are smooth, and curved 
with narrow triangular cusps). The intermediate teeth are large (over 2/3 the length of the anterior 
teeth) and "reversed" (i.e., they are inclined medially rather than distally), and all teeth (except those 
of juveniles, less than 3m in length) lack cusplets. In addition, several other features separate 
Carcharodon from other modern lamnid genera, such as enlarged jaw muscles (combined with an 
enlarged cranium to support them), the presence of discrete epiphysial fenestrae (openings for the 
epiphysis, an extension of the diencephalon, believed to be the equivalent of the pineal body 
[Wingerd, 1988]); and reduced rostral cartilages. The body length of Carcharodon, which may 
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exceed 6m, makes this the largest extant lamnid, but pales in comparison to certain extinct predatory 
lamnids (Chapter Three). 
Lamna is differentiated from Isurus by its dentition: lateral cusplets are present on all teeth 
(except newborn Lamna), but are absent altogether from Isurus; the anterior teeth of Lamna are not 
strongly flexed as they are in Isurus; the presence of a prominent secondary caudal keel in Lamna 
(which is weak or absent in other lamnids); certain chondrocranial characters (e.g., the rostrum of 
Lamna is expanded and hypercalcified with the base of the LRC elevated far above the nasal 
capsules); lower intestinal valve count (38-41 versus 47-55 in both Isurus and Carcharodon); fewer 
vertebrae (150-173 total vertebrae in Lamna versus 182-197 in Isurus and 170-187 in Carcharodon); 
color (both Isurus and Carcharodon possess pectoral fin tips which are black on their ventral 
surface); and position of the dorsal fins (the first dorsal fin of Lamna is more anterior than in Isurus 
and begins over the base of the pectoral fin, while the second dorsal fin of Isurus [which is in front of 
the anal fin] is more anterior than that of Lamna). 
The common name for Isurus species, the shortfin mako (1. oxyrinchus) and the longfin mako 
(1. paucus), yields the first clue in how to tell them apart, as the pectoral fins of 1. oxyrinchus are 
much shorter than the length of the head. However, since this character may not hold for juveniles, 
several other characters should be considered including: size of the eye (much larger in 1. paucus); 
shape of the mouth when viewed ventrally ("U" shaped in 1. oxyrinchus, parabolic in 1. paucus); 
dentition (the cusps of the anterior teeth in 1. oxyrinchus are strongly flexed with "reversed" tips); 
vertebral count (which is usually lower [< 190] in 1. oxyrinchus than 1. paucus [ 195-197] ); and color 
(but this may not hold for all I. oxyrinchus; see Chapter One). Aside from color (Chapter One), 
two principal features distinguish the two species of Lamna. The first is the snout, which is longer 
and sharply pointed in L. nasus and short and blunt in L. ditropis (due to the more extensive 
hypercalcification of the rostrum into a "knob" in L. ditropis). The second distinguishing feature is 
vertebral counts: total of 150-162, with 85-91 precaudal vertebrae, in L. nasus, versus a total of 170 
vertebrae with 103 precaudal vertebrae in L. ditropis. 
Alternatives to Compagno's lamniform phylogeny 
Compagno (1990b) supported a Glade of "advanced" lamniforms based on the presence of a 
plesodic pectoral fin, and which contained Megachasma, Alopias, Cetorhinus and Lamnidae. This 
relationship was supported by the preliminary cladistic analysis of Shirai (1996). De Carvalho 
(1996), however, differed from Compagno in inferring the following relationships: Alopias is the 
sister taxon to the aplesodic fin Glade; Mitsukurina was allied with Pseudocarcharias; and a 
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monophyletic Odontaspididae was supported. However, De Carvalho cautioned that these results are 
preliminary, and failed to discuss the characters that support these relationships. The importance of 
plesodic pectoral fins as derived character linking "advanced lamniforms" (a character used by both 
Maisey and Compagno) was questioned by Morrissey et al. (1997) since many sharks, including 
Paleozoic species, exhibit plesodic pectoral fins. 
A cladistic analysis by Long and Waggonner (1996), based solely on dentition, was mostly 
congruent with Compagno's phylogeny. (Given the reduced dentition of both Megachasma and 
Cetorhinus, the placement of these taxa was highly uncertain). However, Long and Waggonner 
disagreed with Compagno on two points. Firstly, they supported a monophyletic Odontaspididae 
(Carcharias+Odontaspis; albeit O. noronhai was not included in the analysis), and this family was 
placed at the base of the Pseudocarcharias+plesodic fin Glade. Secondly, Long and Waggoner 
questioned Compagno's Carcharodon+Isurus Glade within the Lamnidae, and stated that Lamna and 
Carcharodon were sister taxa based on (1) the shared presence of anterior teeth that are smaller at the 
base and (2) teeth that are more erect and reduced in their distal inclination. 
The order Lamniformes has yet to be exposed to a thorough anatomical-based cladistic 
analysis. The characters discussed by Compagno (1990) (including the chondrocranial characters that 
he suggests might be of critical importance for lamniform phylogeny) have yet to be incorporated into 
such an analysis. While subsets of morphological characters can be offered in support of uniting 
individual lamniform taxa, these characters need to be evaluated in a phylogenetic context. Also, 
most extant lamniform taxa are highly autapomorphic, obscuring characters that could link individual 
genera together. The problem of discerning relationships among extant lamniforms appears to be 
further compounded by the prevailing belief that modern lamniform species represent a small sample 
of the phylogenetic and morphological diversity of this group (Compagno, 1990b; Shirai, 1996; 
Chapter Three). Also, typical of Chondrichthyes, most fossil lamniform taxa are represented solely 
by teeth (Chapter Three), which precludes a greater knowledge of the morphology of fossil taxa that 
may be intermediate between modern forms (Gaudin, 1991). In contrast, this problem is not as acute 
for their sister group, the Carcharhiniformes, owing to the improved representation among extant taxa 
of this group's total diversity. 
Relationships of sharks within the Lamniformes: Molecular data 
The discrepancies in morphological analysis of lamniforms based on morphology prompted 
the examination of lamniform systematics using molecular data. (A summary of lamniform 
systematics based on molecular data is presented in Table 2.2.) As in morphological investigations, 
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initial examinations of lamniform taxa focused on the relationships of Megachasma to other 
lamniforms, especially Cetorhinus (Martin and Naylor, 1997; Morrissey et al., 1997). These analyses 
found no evidence to support the Megachasma+Cetorhinus Glade proposed by Maisey (1985). The 
phylogenies recovered from these analyses were significantly different from those derived from 
morphological data, suggesting that Iamniform systematics was far from resolved. Unfortunately, no 
published analysis of molecular-based lamniform systematics includes all extant taxa, and several 
hypotheses (e.g., paraphyletic Odontaspididae) were not evaluated in all analyses. The results of 
these studies are compared with morphological analyses and discussed below. 
Lamniform systematics have been examined using a variety of phylogenetic methods using 
both mitochondrial and nuclear sequences (Table 2.2). In several cases the results depended upon 
either the method employed, the sequences examined, or both (Naylor and Martin, 1997; Naylor et 
al., 1997; Martin and Burg, 2002; Lopez et al., MS). Indeed, molecular-based analyses of lamniforms 
are largely unresolved. The only relationships that are strongly supported across all analyses are a 
monophyletic Lamniformes; monophyletic Lamnidae; two separate origins of filter-feeding; and a 
polyphyletic Odontaspididae (Martin and Naylor, 1997; Morrissey et al., 1997; Naylor et al., 1997; 
Martin et al., 2002; Martin and Burg, 2002; Lopez et al., MS). 
Although a monophyletic Lamnidae is well-supported, relationships within this Glade are 
variable. A sister taxon relationship between Carcharodon and Isurus was recovered by several 
analyses (Martin and Naylor, 1997; Morrissey et al., 1997; Naylor et al., 1997; Martin and Burg, 
2002; Lopez et a1., MS) although this could be weakly supported (Naylor et al., 1997; Lopez et al., 
MS). Lopez et al. (MS) also recovered a Carcharodon+Lamna Glade (based on CYTB), as well as an 
Isurus+Lamna Glade (NADH2; NADH4; combined CYTB+NADH2+NADH4+RAG-1); however, 
these relationships depended on the method employed. Martin et al. (2002) failed to resolve 
relationships among lamnid sharks. Although the genus Lamna was well supported, the monophyly 
of the genus Isurus was not recovered (RAG-1) or only weakly supported (CYTB; Lopez et al. (MS); 
note the status of these genera could only be evaluated when all taxa were included; see Table 2.2). 
Carcharias and Cetorhinus were frequently allied with the Lamnidae, although this Glade was 
not always well-supported. Cetorhinus was recovered as the sister taxon to Lamnidae either alone 
(Martin and Naylor, 1997; Morrissey et al, 1997; Martin et al., 2002; Lopez et al., MS) or as a 
Carcharias+Cetorhinus Glade (Naylor et al., 1997; Martin and Burg, 2002). Carcharias was 
frequently recovered as the sister taxon to a Cetorhinus+Lamnidae Glade (Martin and Naylor, 1997; 
Martin et al., 2002; Lopez et al., MS). All three odontaspidid species were never recovered in one 
unique Glade, although an O. noronhai+Carcharias Glade (excluding O. ferox) was recovered as sister 
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taxon to Lamnidae+Cetorhinus (RAG-1; Lopez et al., MS). Morrissey et al. (1997)'s analysis placed 
O. ferox at the base of the Cetorhinus+Lamnidae Glade; however, C. taurus was not included in this 
analysis. 
Table 2.2. Summary of molecular-based analyses of lamniform sharks. Abbeviations: AP (A. 
pelagicus), AS (A. superciliosus), AV (A. vulpinus), CC (C. carcharias), CM (C. maximus), IO (1. 
oxyrinchus), IP (1. paucus), LN (L. nasus), MP (M. pelagios), OF (O. ferox), ON (O. noronhai), TS 
(transition), TV (transversion). 
Authors of 
study 
Taxa Sequences Analysis 
Morrissey et al. 
(1997) 
AV, CC, CM, 
IO, LN, MP, OF 





All except ON CYTB -Maximum Parsimony 
-Bootstrap 
-Neighbor-Joining cluster analysis 
-Only TV substitutions included 
Naylor et al. 
(1997) 




(TV/TS not equal) 
-Neighbor joining cluster analysis (with 
LogDet transformation) 
Martin et al. 
(2002) 
All except AP, 
AS, IP, LN, ON 
Simple 
sequence repeat 




(TS/TV not equal) 
-Neighbor-Joining cluster analysis* 
-Maximum Likelihood* 
(*used HKY Model of sequence 
evolution) 
-Bootstrap 
Martin and Burg 
(2002) 






(Criteria: minimize gene duplication 
and losses to account for paralogs) 













In addition to the (Carcharias+[Cetorhinus+Lamnidae]) Glade, a Glade containing Alopias, 
Megachasma, Odontaspis and Pseudocarcharias (the "AMOP" Glade of Martin and Burg [2002]) was 
often recovered (Martin and Naylor, 1997; Naylor et al., 1997; Martin et al., 2002; Martin and Burg, 
2002; Lopez et al., MS). Aside from strong support for a Megachasma +Pseudocarcharias Glade 
(Naylor et al., 1997) and a possible A. vulpinus + A. pelagicus Glade (Naylor et al., 1997; Lopez et al., 
MS; based CYTB, RAG-1, and combined dataset) relationships within this AMOP group remain 
unresolved. Perhaps the most surprising result obtained by molecular data was that there was little 
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support for either a monophyletic Alopias or Odontaspis (O. noronhai, however, was only included in 
Lopez et al. [MS]). In addition, although the AMOP Glade and the 
(Carcharias+[Cetorhinus+Lamnidae]) Glade was frequently recovered, basal relationships of 
lamniforms were also uncertain, and there was little support for Mitsukurina as the basal lamniform 
taxon. Hence, apart from a monophyletic Lamnidae, relationships among lamniform taxa remain 
largely unresolved. 
Morphology versus molecules 
Both morphological and molecular based studies of lamniform phylogenies support a 
monophyletic Lamniformes and Lamnidae. The relationships among the Lamnidae are unresolved as 
molecular-based analyses fail to distinguish between the hypotheses of Compagno (1990b) and Long 
and Waggoner (1996). Both methods support a Cetorhinus+Lamnidae Glade. Molecular data show a 
tendency for Carcharias to be recovered as the sister taxon to the Cetorhinus+Lamndiae Glade; this 
relationship, which creates a polyphyletic Odontaspididae, is not discussed in morphological studies. 
There is no support in the molecular data for for a sister taxon relationship between Cetorhinus and 
Megachasma, and only Taylor et al. (1983) and Morrissey et al. (1997) favor Megachasma as basal to 
all remaining lamniforms (however, the latter study did not include representatives from all 
lamniform genera; see Table 2.2). Molecular-based analyses also showed a tendency to recover the 
AMOP Glade; affinities among Alopias, Odontaspis and Pseudocarcharias were only recovered in a 
preliminary morphological analysis of De Carvalho (1996). Perhaps the most surprising result 
obtained by molecular studies was the lack of support for the monophyly of both Alopias and 
Odontaspis, both of which are supported by morphological evidence. 
Summary 
Although elasmobranch phylogeny is still unresolved, certain relationships appear to be well 
supported, such as the monophyly of the Galeomorphii, and a sister group relationship between 
Carcharhiniformes and Lamniformes. Given the controversy regarding relationships among 
elasmobranch orders, is not surprising that relationships among taxa, such as those within the 
Lamniformes, remain uncertain. As in elasmobranch phylogeny in general, molecular and 
morphological based examinations of the relationships within the Lamniformes were discordant. 
Indeed, very few relationships within Iamniform taxa were resolved using these methods. The next 
section discusses the fossil record of lamniform sharks and its utility in assessing relationships among 












  Megachasma pelagios 
._.   Pseudocarcharias kamoharai 
Odontaspis noronhai 
Odontaspis ferox 
  carcharias taurus 
  Mitsukurina owstoni 
Fig. 2.1. Relationships among living lamniforms based on morphological characters, as determined 
by Compagno (1990b}. 
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CHAPTER THREE: THE FOSSIL RECORD OF LAMNIFORMES 
Introduction 
Sharks have a long and rich fossil record that is represented almost entirely by fossil teeth; in 
fact, fossil shark teeth are the most abundant vertebrate fossils (Hubbell, 1996; Maisey, 1996). 
Unfortunately, these isolated teeth, along with scales and fin spines (known as ichthyoliths), are 
usually all that is left to decipher this vast evolutionary history. This is largely due to the fact that the 
cartilaginous skeletons of elasmobranchs do not fossilize well, and usually disintegrate before they 
can be preserved (Hubbell, 1996; Maisey, 1996). The paucity of skeletal material makes the task of 
understanding shark evolution very difficulty and as such, "[t]here is no gnathostome group whose 
phylogeny is as poorly elucidated as the chondrichthyans, and in particular the elasmobranchs." 
(Janvier, 1996, p.135-136). 
The first evidence of elasmobranchs in the fossil record is the presence of microscopic scales 
in the early Silurian, approximately 420 million years ago (mya; Turner, 1985; Maisey, 1996). These 
fossils, however, tell us little about early shark evolution. The first complete skeleton of an 
elasmobranch, that of Antarctilamna, a putative xenacanthiform (see below), is known from the 
middle Devonian (Givetian; Janvier, 1996). Such complete fossils are rare for chondrichthyans and 
have revealed much of what we know about early shark evolution. The fossil record indicates that 
elasmobranch evolution is characterized by two major, rapid radiations (Carroll, 1987). The first 
burst of shark evolution occurred in the late Silurian/early Devonian. Several groups of these 
Paleozoic sharks are characterized by rudimentary skeletons: the notochord (a flexible rod) is the sole 
component of the backbone (there are no vertebrae); the fin girdles are not fused; and the pectoral fins 
lack the tribasal structure of modern forms. Except for one group, the eel-like Xenacanthiformes, 
which were found in freshwater swamps, shark evolution is confined primarily to marine 
environments. The diversity of these early sharks is unmatched by modern forms, and groups such as 
the Eugeneodontida (with their unique "tooth whorls") and superficially teleost-like Petalodontida, 
are unlike any modern elasmobranchs living today. Indeed, some of these early taxa are so unusual, 
that certain authors (see Maisey, 1984; Janvier, 1996) suggest they may not even be elasmobranchs; 
thus, relationships among these and other early forms remain unresolved. Many of these Paleozoic 
forms were extinct by the early Mesozoic and it was during this time that the second major radiation 
of elasmobranchs, the one that would lead to modern groups, occurred. 
Fossils from the lower Jurassic, such as the complete skeleton of Palaeospinax, begin to 
display features found in modern sharks. Unlike their Paleozoic predecessors, certain Mesozoic 
77 
elasmobranchs possessed a backbone supported by strongly calcified vertebrae and fused pelvic and 
pectoral fin girdles. Increased flexibility of the jaws (due to a hyostylic jaw suspension) combined 
with an elongated rostrum (resulting in a mouth which was ventral rather than terminal) expanded 
feeding opportunities. Larger nasal capsules and an enlarged braincase suggest that the sensory 
abilities of these sharks were more acute than earlier forms. This group of Mesozoic forms represents 
members of the Neoselachii, which comprises modern elasmobranchs. Although the exact ancestor 
of neoselachians is unknown, this group underwent a rapid radiation in the Mesozoic, resulting in the 
establishment of all modern shark orders by the end of the Cretaceous. Lamniform sharks, which 
were well established by the lower Cretaceous, are the focus of the remainder of this Chapter. 
The fossil record: Lamniform sharks 
The fossil record of lamniform sharks is based almost entirely on fossil teeth. As one can 
imagine, reconstructing lamniform evolutionary history based almost solely on isolated teeth is a very 
difficult task. Isolated teeth pose a problem for several reasons. One reason (discussed in Chapter 
Two) is that lamniform dentition is influenced by both sexual and developmental factors that are 
poorly understood (Compagno, 1988; Shimada, 2001, 2002a). Teeth from different sexes or from 
different developmental stages may be mistaken for separate species. A second problem is that teeth 
are differentiated along the jaw (monognathic heterodonty) and may even be different between upper 
and lower jaws (dignathic heterodonty). Although certain teeth (such as the central teeth in the upper 
jaw) may be more useful in determining species, these teeth are difficult to identify without a 
complete tooth set (Naylor, 1990; Naylor and Marcus, 1994). Finally, teeth are prone to convergence, 
and may therefore lead to erroneous conclusions about phylogeny (Cappetta, 1987). 
Given the difficulty in correctly identifying fossil shark teeth, it is not surprising that different 
interpretations have been forwarded regarding the fossil record of lamniform sharks. Disagreements 
concerning both tooth terminology (Shimada, 2002b) and the relevance of different characters 
(Applegate and Espinosa-Arrubarena, 1996) lead to conflicting interpretations. Since the identity and 
affinities of these teeth are difficult to ascertain, recovering an accurate phylogeny of lamniform 
sharks based on fossil teeth has been fraught with problems. While an accurate phylogeny of 
lamniform sharks may not be possible using fossil remains, the teeth do provide a potential timeframe 
for divergences within the group (John Maisey, pers. comet.). Therefore the remainder of this section 
concentrates on the earliest known records of lamniforms sharks. The geological time scale used 
throughout the text follows Benton (1993) (see Table 3.1). 
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Table 3.1. Geological timetable of the Cenozoic Era and the Cretaceous Period. Modern lamniform 
families are first recorded from the Early Cretaceous. The Jurassic (208-144 mya) and Triassic (245-
208 mya) Periods preceded the Cretaceous period in the Mesozoic Era. Evidence for lamniform 
sharks before the Cretaceous is controversial. 
Era Period Epoch Stage Duration (mva) 
Cenozoic 
(67 mya —present) 




Tertiary Pliocene 5.3-1.6 





















(245 — 97 mya) 












Extinct lamniform families 
Lamniforms appear to have been the dominant predatory sharks of the Cretaceous, and the 
order was most diverse in the later part of this period. However, since the early Tertiary lamniforms 
slowly declined, as other predatory families, such as the Carcharhinidae and Sphyrnidae, diversified 
(Siverson, 1992). Thus, modern lamniforms represent a very small sample of the total diversity that 
once existed within the order. The Lamniformes is the only galeomorph order to have families 
exclusively based on fossil species; in other galeomorph orders, all fossil species can be referred to 
extant families (Cappetta. 1987}. 
Those lamniform families known exclusively from fossil material (mostly teeth and 
vertebrae) are recovered from the Cretaceous and early Tertiary. Teeth of fossil lamniforms (such as 
Cretoxyrhina species) are so abundant during this time that they are used to data fossil strata 
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(Siverson, 1996). Three major families of lamniforms (Cretoxyrhinidae, Anacoracidae, Otodontidae) 
have been recognized and described based almost exclusively on the distinctiveness of their dentition 
(Cappetta. 1987). Although other extinct lamniforrr~ families have also appeared in the literature, 
such as the Jaekelotodontidae (regarded by Cappetta [ 1987] as belonging in the family 
Odontaspididae), the following discussion will concentrate on the three main families mentioned 
above. 
Family Cretoxyrhinidae 
The Cretoxyrhinidae was abundant in the upper Cretaceous, but was extinct by the late 
Eocene (Case and Cappetta, 1990; Cappetta et al., 1993). Numerous genera have been referred to the 
Cretoxyrhinidae including Archaeolamna, Cardabiodon, Cretodus (=Plicatolamna), Cretalamna 
(sometimes incorrectly spelled Cretolamna), Cretoxyrhina, Dwardius, Leptostyrax (=Megarhi.zodon), 
Palaeocarcharodon, Paraisurus, Protolamna, Pseudoisurus, and Serratolamna (Cappetta, 1987; 
Siverson, 1996, 1997, 1999). The relationships within this family are uncertain, partly due to the fact 
that it has often been used as a wastebasket for Cretaceous and early Tertiary sharks that cannot be 
easily assigned to other families (Siverson, 1999). The Cretoxyrhinidae is therefore likely 
paraphyletic and efforts have been made to split this group into different families, (e.g., 
Serratolamnidae, Cardabiodontidae) with the Cretoxyrhinidae limited to Cretoxyrhina and its closest 
relatives (Siverson, 1999). The status of the Cretoxyrhinidae is controversial and unresolved; 
therefore, for simplicity, the Cretoxyrhinidae will be treated as a single group. 
The earliest known cretoxyrhinid is Protolamna infracretacea from early in the Cretaceous 
(Valanginian, Cappetta et al., 1993). The cretoxyrhinids have been associated with the ancestry of 
many modern families, though individual authors disagree about which cretoxyrhinid genera gave rise 
to what family. Siverson (1992) proposed Archaeolamna kopingensis as the ancestor of the extant 
Lamnidae, whereas Applegate and Espinosa-Arrubarrena (1996) regard Cretalamna appendiculata as 
close to the lineage that led to modern Carcharodon. Carcharodon orientalis (Paleocene-Eocene) 
has been regarded as both a lamnid (Applegate and Espinosa-Arrubarrenna, 1996) and a cretoxyrhinid 
(as Palaeocarcharodon orientalis) (Cappetta, 1987). 
The Cretoxyrhinidae included some very large sharks. The largest Mesozoic shark vertebra 
known to date has been referred to this family, and comes from a shark estimated to have measured at 
least 8.3m long, and possibly up to 9.8m (Shimada, 1997a). The most widespread and well-known 
representative is the Late Cretaceous species Cretoxyrhina mantelli. This species, known from the 
Cenomanian to the Santonian, has been reported from Europe, North and South America, and Brazil 
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(Cappetta, 1987}. At least four partial skeletons are known for C. mantelli (Shimada, 1997b). It has a 
body form similar to Carcharodon carcharias, and measured up to 6m Iong (Shimada, 1997b). 
Morphological features of this species include a lamnoid tooth formula, a large orbit (as in 
Pseudocarcharias and Alopias), five pairs of gill slits, a plesodic fin (based on an isolated pectoral fin 
tentatively referred to C. mantelli), and a long axial skeleton composed of 230 vertebrae (Shimada, 
1997b,c). 
Cretoxyrhina mantelli is the only extinct lamniform for which the dentition can be 
confidently reconstructed (Shimada and Hubbell, 2001) since partial or nearly complete sets of teeth 
are known from fossils believed to represent individual sharks (Shimada 1997c). Based on these 
fossils, C. mantelli shares dental features with Alopiidae, Cetorhinidae, Lamnidae, Megachasmidae, 
and Pseudocarchariidae, such as reduction of the third lower anterior tooth; size and shape of lateral 
teeth; and absence of the first upper anterior tooth (Shimada, 1997b,c). A cladistic analysis of 
lamniform morphology by Shimada (1999) grouped C. mantelli within a Glade that also included 
Alopias, Cetorhinus and. Lamnidae. Before this, C. mantelli had been associated with the origin of 
extant lamniform genera. C. mantelli was once included in the genus Isurus, because the jaws, teeth 
and inferred feeding behavior resemble those of Isurus (Shimada, 1997b). C. mantelli has also been 
linked to the origin of the genus Alopiidae, again based on perceived dental similarities (Ward, 1978). 
Interestingly, small symmetrical teeth, believed to be dental abnormalities, are known for both C. 
mantelli, and Alopias superciliosus (Shimada and Hubbell, 2001). 
C. mantelli is thought to have been afast-swimming shark, since it preyed upon large and 
active marine vertebrates (Shimada, 1997d; Shimada and Hubbell, 2001). One specimen shows 
remains of the 4m-long teleost fish Xiphactina in its fossilized stomach contents (Shimada, 1997d). 
C. mantelli also appears to have fed upon large sea reptiles such as plesiosaurs and mosasaurs. This 
is supported by the presence of mosasaur bones that possess puncture marks or embedded teeth 
consistent with bites inflicted by C. mantelli (Shimada, 1997d). C. mantelli has been recovered from 
deposits believed to represent off-shore ("deep water") environments (Shimada, 1997e). This species 
is rare in near-shore ("shallow") marine deposits, in which another large contemporary cretoxyrhinid 
(Cretodus crassidens) predominated (Shimada, 1997e). 
Family Anacoracidae 
Most of the larger cretoxyrhinids disappeared near the end of Cretaceous (mid-Campanian; 
Siverson, 1995). The Anacoracidae (=Squalicoracidae) is another lamniform family known from the 
upper Cretaceous (Albian-Maastrichtian; Cappetta, 1987; Cappetta et al., 1993). After the decline of 
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large cretoxyrhinids, anacoracid fossils became increasingly common in the mid-Campanian. In the 
past, the Anacoracidae has been placed in the Hexanchiformes, based on similar root morphology. 
However, Cappetta (1987) and Siverson (1995) regard this feature as convergent, and since most 
anacoracids have a lamniform-like tooth histology, they place this family in the Lamniformes. 
The Anacoracidae includes Pseudocorax, Microcorax, Paracorax and Squalicorax (Cappetta, 
1987). These lamniforms have teeth that appear specialized for cutting (Siverson, 1995). At least 
some anacoracid sharks may have been marine scavengers. First, the teeth of certain anacoracids 
(Squalicorax yangaensis, Paracorax jaekeli) show some resemblance to those of modern Galeocerdo 
(tiger shark), an opportunistic scavenger famous for eating almost anything (Cappetta, 1987; 
Shimada, 1997d). In fact, the lcm-high teeth of P. jaekeli were originally. referred to Galeocerdo (as 
Galeocerdo jaekeli). Second, Squalicorax teeth have been found embedded in skeletal remains of 
cretoxyrhinids such as C. mantelli. Since Squalicorax was much smaller than C. mantelli, it is 
unlikely that the former shark would attack it (Shimada, 1987d). Nevertheless, Squalicorax appears 
to have been an active predator: in addition to the large serrated teeth designed for cutting, this shark 
had strongly calcified jaws and vertebrae, stiff plesodic pectoral fins, and a caudal fin with a strong 
ventral lobe (Compagno, 1990b). Other anacoracids were probably also predatory: the teeth of other 
Squalicorax species resemble the upper teeth of Carcharhinus (e.g., bull shark), and the teeth of 
Pseudocorax show similarities to the teeth of some modern Sphyrna (hammerhead) species (Cappetta, 
1987). Anacoracids did not survive the terminal Cretaceous extinction, and they were replaced in the 
early Tertiary by other shark groups, including hexanchiforms (e.g., Notidanodon, Sphenodus) 
(Siverson, 1995). 
Family "Otodontidae" 
The Otodontidae is a controversial family of lamniforms, recognized by Cappetta (1987) who 
lists three genera in this family: Otodus, Parotodus, and Carcharocles. Siverson (1992) proposed 
that the Otodontidae evolved from the cretoxyrhinid genus Cretalamna. However, many authors 
dispute the monophyly of the family Otodontidae, and assign the constituent genera to other groups. 
For example, Applegate and Espinosa-Arrubarrenna (1996) regards the type species, Otodus 
obliquus, of the early Tertiary (Thanetian-Ypresian), as a close relative of Carcharias, based on the 
presence of three anterior teeth in the upper jaw. Purdy et al. (2001) tentatively assign Parotodus 
benedenii (= Isurus benedenii) to the Lamnidae, since these teeth resemble the dentition of 1. 
oxyrinchus. The remaining genus Carcharocles, is especially contentious, and is discussed below in 
the section on fossil Lamnidae. 
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Palaeocarcharias: aLate Jurassic lamniform? 
The earliest known lamniform (or putative lamniform) is Palaeocarcharias stromeri from the 
Late Jurassic (Kimmeridgian) of Germany (Duffin, 1988). This species is based on three well-
preserved specimens of a lm long shark that had lamniform-like teeth but an orectolobiform-like 
body (Duffin, 1988). However, not all authors agree that Paleocarcharias was a lamniform. 
Compagno (1973) regarded Palaeocarcharias as an orectolobiform based on several features (e.g., 
arrangement of three large teeth teeth at the symphysis; dorsoventrally flattened body; very wide 
pelvic girdle), though he recognized the shape and histology of the teeth were lamnoid. Based on 
such dentition, both Cappetta (1987) and Duffin (1988) supported lamniform affinities for 
Palaeocarcharias. Duffin { 1988) used Palaeocarcharias as evidence supporting an origin for 
Lamniformes from orectolobiform ancestors, as suggested earlier by White (1936, 1937). However 
this view has been disputed by Compagno (1973, 1977). 
Family Odontaspididae 
The Odontaspididae was far more diverse in the Late Cretaceous than today (Siverson, 1992) 
and two extinct genera, Eostriatolamia and Hispidaspis, are known from this time (Cappetta 1987). 
Siverson (1996) adds two further Cretaceous genera to this family: Anomotodon (often considered a 
mitsukurinid) and Johnlongia. From the Paleocene comes the odontaspidid genera Jaekelotodus, 
Palaeohypotodus and Striatolamia, and from the Eocene comes Hypotodus (Cappetta, 1987). 
However only two genera, Odontaspis and Carcharias, both of which are reported as far back as the 
Cretaceous, exist today. 
Chapter One discussed the confusion regarding the nomenclature of extant genera of the 
Odontaspididae. Unfortunately, taxonomy of the fossil remains in this group, especially at the generic 
level, is equally ambiguous. A discussion of all of the fossil genera within the Odontaspididae is 
beyond the scope of this text, especially since the systematics of Cretaceous taxa are highly uncertain 
(Case, 1979; Cappetta, 1987; Siverson, 1992, 1997; Glickman and Averianov, 1998). This has been 
attributed to many factors, including: rapid dental evolution of the group; misidentification of taxa; 
convergence in dental morphology; the plesiomorphic ("archaic") lamniform dentition of many early 
odontaspidids; and the paucity of fossil odontaspidid skeletal remains. Therefore, only key fossil 
odontaspidid taxa, especially those that may be related to extant species, will be discussed here. 
The .teeth of small odontaspidids are extremely common in marine vertebrate assemblages 
(Glickman and Averianov, 1998). Cretaceous odontaspidid species have a restricted geographical 
range, in contrast to modern species, and it is thought that the former did not require seasonal 
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migrations due to the warmer waters of the Cretaceous compared to today (Siverson, 1992). C. 
acutissima (= Odontaspis acutissima, Synodontaspis acutissima) is known from the middle Eocene to 
its extinction in the Pliocene (Pledge, 1985), and was one of the most abundant shark species in 
Miocene seas (Case, 1980, 1981). 
Cappetta (1987) lists Carcharias (which he calls Synodontaspis) and Odontaspis as first 
appearing in the Cretaceous. The genus Striatolamia has traditionally been considered an 
odontaspidid, and the dentition of S. macrota (Eocene: Ypresian) closely resembles C. taurus 
(Cunningham, 2000). This species (also called Odontaspis macrota) measured around 2.7m long and 
is known from associated remains (i.e., those believed to represent a single individual) that include 
teeth, vertebrae, and other skeletal remains (Applegate, 1968). Other fossil odontaspidid species are 
small; for example C. gracilis (known only from teeth} attained an estimated total length of l.lm 
long, the size of a newborn C. taurus (Siverson, 1992, 1995). 
The oldest known species of Striatolamia, S. cederstroemi (early Paleocene: Danian), has a 
less Carcharias-like dentition compared to later Striatolamia species (Siverson, 1995). Thus, 
Siverson (1995) proposed that the dental similarities shared by Carcharias and later Striatolamia are 
due to convergence, and that Striatolamia is possibly descended from Anomotodon. There is 
disagreement over whether Anomotodon is an odontaspidid or a mitsukurinid; Siverson (1996} 
regards A. plicatus (the type species for Anomotodon) as an odontaspidid, because the teeth strongly 
resemble juvenile Carcharias teeth. 
The oldest known odontaspidid species is Carcharias striatula, first known from the upper 
Aptian (Early Cretaceous). This species lived in the epicontinental seas of Europe (Gluckman and 
Averianov, 1998). However, Gluckman and Averianov (1998) assign this species to the genus 
Eostratiolamia, and separate this species from true Carcharias by a different tooth formula ("archaic" 
in E. striatula, "advanced" in C. taurus) and greater number of tooth rows in C. taurus. However, 
these authors acknowledge that the morphology of Eostratiolamia teeth grade into Carcharias teeth, 
making separation of these genera difficult (Gluckman and Averianov, 1998). Cappetta (1987} refers 
Eostriatolamia to Synodontaspis, and claims that Carcharias taurus is also referable to the genus 
Synodontaspis (Chapter One). Other species assigned to Carcharias (=Synodontaspis), such as C. 
gracilis (Siverson, 1995), are also referred to Eostriatolamia by Glickman and Averianov (1998) 
based on dental formulae and other aspects of tooth morphology. 
The composition of the genus Odontaspis is also disputed, but the oldest valid species may be 
two North American taxa of Late Cretaceous age: O. saskatchewanensis (Coniacian; Case et al., 
1990) and O. aculeatus (late Campanian; Cappetta, 1987). The extant species O. ferox and C. taurus 
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are both first recorded from the lower Miocene (Burdigalian) of North America: O. ferox is known 
from teeth, while C. taurus is known from both teeth and a single vertebra (Iturralde-Vinent et al., 
1996; Purdy et al., 2001). The fossil history of C. taurus is complicated by the fact that its teeth are 
very difficult to distinguish from those of C. acutissima (Cappetta, 1987). In addition, Siverson 
(1992) states that fossil teeth of C. taurus and O. noronhai are difficult to distinguish because their 
dentition is similar and characters used to differentiate them, such as the number of rows of anterior 
teeth (three in C. taurus, two in O. noronhai) are not discernable from isolated fossil teeth. 
Family Mitsukurinidae 
Capetta (1987) assigns three genera to this family: Anomotodon, Scapanorynchus and 
Mitsukurina. Fossil teeth from these genera are often confused with those of odontaspidids 
(Cappetta, 1987), and as mentioned above, there is some question as to whether the genus 
Anomotodon is actually a mitsukurinid (Siverson, 1996). It is possible that due to convergence of 
dental characters, the genus Anomotodon is polyphyletic (Capetta, 1987). The type species for 
Anomotodon (A. plicatus) has been assigned to the Odontaspididae; hence, other Anomotodon species, 
which are likely true mistukurinids, should be assigned to a new genus. A. principalis from the 
middle Cretaceous (late Aptian) of France appears to represent the earliest known mitsukurinid 
(Cappetta et al., 1993). A related species (A. cravenensis) is known from fossil teeth from the lower 
Eocene (Ypresian) of England (Case, 1980). 
The genus Scapanorhynchus is remarkable in that it is known from several complete 
skeletons, as well as isolated teeth (Cappetta, 1980, 1987). Comparison of the skeletal remains of S. 
lewisii (late Santonian of Lebanon) with extant M. owstoni reveals that morphologically, the 
Mitsukurinidae has changed very little since the Late Cretaceous (Cappetta, 1980, 1987). 
Scapanorhynchus differs from M. owstoni in its fins: it has a very long, ribbon-like anal fin (which is 
broadly rounded in Mitsukurina), and possesses swell-developed ventral caudal lobe (which is absent 
in Mitsukurina). The skeleton of S. lewisii is quite small with an approximate length of only SScm 
(Cappetta, 1987). Small teeth (less than 9mm in height) from an associated tooth set of S. raphiodon 
indicate an estimated total length of 60cm and although this specimen may have been a juvenile, it is 
comparable to the size of the skeletal remains of S. lewisii (Hamm and Shimada, 2002). 
Several large species of Scapanorhynchus (such as S. texanus, represented by teeth 2-Scm in 
height) are known from the end of the Cretaceous (Case, 1979; Cappetta, 1987). Hence, either 
Scapanorhynchus displayed a wide variation in body sizes, or skeletal remains represent juvenile 
specimens. This scenario parallels the history of the only living mitsukurinid, M. owstoni, in which 
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the type species was proven to be immature only when much larger individuals were discovered much 
later. Scapanorhynchus is known from the lower Cretaceous (Aptian), and was extinct by the end of 
the Cretaceous (Maastrichtian; Cappetta, 1987). The dentition of S. raphiodon is similar to that of M. 
owstoni, and may have had a similar diet. Although the diet of M. owstoni is not well established 
(Chapter One) it is believed that it feeds on small teleosts and squids, both of which are common 
fossils in areas where S. raphiodon teeth are found (Hamm and Shimada, 2002) 
The earliest known member of the genus Mitsukurina is M. maslinensis, from the middle or 
late Eocene of Australia (Cappetta, 1987). The discovery of fossil teeth of M. owstoni in the lower 
Pliocene (Zanclian) of Italy reveals that this species was once found in the Mediterranean, although it 
is currently unknown in this area (Cigala Fulgosi, 1986). Indeed, fossil mitsukurinids (Mitsukurina, 
Scapanorynchus and "Anomotodon") exhibit an almost worldwide distribution and are common in 
areas (such as the Medditerannean and Atlantic) where extant M. owstoni has yet to be reported 
(Cigala Fulgosi, 1986; Cappetta, 1987). 
Family Alopiidae 
The family Alopiidae consists of Alopias and possibly the extinct genus Paranomotodon. 
The placement of Paranomotodon, which is known primarily from fossil teeth, in the Alopiidae is 
controversial, and those who support this referral acknowledge that similarities in the dentition of 
these two genera may be caused by convergence. If, however, Paranomotodon is an alopiid then the 
type species, P. angustidens known from the Cenomanian (Late Cretaceous) of Europe, represents the 
oldest known member of this family (Cappetta, 1987; Siverson, 1992; Cappetta et al., 1993). 
Several species of Alopias are known from the Eocene, including the oldest known species, 
A. denticulatus, from the lower Ypresian of Morocco (Cigala Fulgosi, 1988; Cappetta et al., 1993). A. 
crochardi and A. leeensis are slightly younger species, at upper Ypresian (Ward, 1978). A. 
denticulatus may belong to the lineage that led to A. superciliosus (Cigala Fulgosi, 1983), while A. 
leeensis appears to belong to the lineage that led to A. vulpinus. The teeth of A. crochardi appear 
intermediate in morphology between the A. vulpinus and A. superciliosus groups, and therefore may 
belong to a third group. 
Fossil Alopias teeth from the middle Tertiary are often assigned to two species, A. exigua and 
A. latidens, but the validity of these species is controversial (Ward 1978, Purdy et al., 2001). The 
controversy centers on the fact that the dentition of A. superciliosus is sexually dimorphic (Chapter 
Two), and thus fossil specimens may be representatives of female A. superciliosus rather than new 
species. Both Purdy et al, (2001) and Ward (1978} believe that A. exigua and A. latidens are fossil 
86 
representatives of extant Alopias species. Cigala Fulgosi (1983, 1988) believes that A. exigua is a 
valid species that can be distinguished from A. superciliosus, but that certain alopiid teeth of Pliocene 
age previously assigned to A. exigua really belong to A. superciliosus. Certain A. latidens teeth are 
possibly female A. superciliosus teeth, whereas others pertain to A. vulpinus (Cigala Fulgosi, 1983, 
1988). If this interpretation is correct, then it extends the fossil record of A. vulpinus back to the 
lower Eocene as A. latidens (Cigala Fulgosi, 1983), and A. superciliosus back to the late Oligocene-
early Miocene, also as A. latidens (Ward, 1978). Otherwise, the earliest record of A. superciliosus 
and A. vulpinus are lower Miocene (Aquitanian and Burdigalian, respectively; Case, 1980; Purdy et 
al., 2001). The Burdigalian deposit of A. vulpinus includes a single vertebra in addition to teeth 
(Purdy et al., 2001). 
The genus Alopias may have evolved from Cretaceous cretoxyrhinids such as Cretoxyrhina 
mantelli (Ward, 1978) or within the genus Cretalamna (Cappetta, 1987). The lineages that led to A. 
vulpinus and A. superciliosus had already diverged by the Oligocene (Cigala Fulgosi, 1983), and, as 
discussed above, the two groups may have split as early as the Eocene. The origins of A. pelagicus 
are uncertain, and there are opposing views as to whether this species is closer to A. vulpinus (Cigala 
Fulgosi, 1983) or to A. superciliosus (Compagno, 1990b). 
Family Lamnidae 
The family Lamnidae includes five extant species in three genera (Carcharodon, Isurus, and 
Lamna). Cretaceous species originally assigned to lamnid genera are now often placed in the 
Cretoxyrhinidae. The Cretoxyrhindae is believed to contain the ancestors of the Lamnidae (Cappetta, 
1987) althought the exact ancestor is often disputed. For example, Siverson (1992) has suggested that 
the Lamnidae arose from a cretoxyrhinid ancestor close to Archaeolamna while other authors propose 
individual lamnid genera evolved from different Cretalamna species (e.g., Cappetta, 1987; Applegate 
and Espinosa-Arrubarrena, 1996). The taxonomy of fossil lamnid species (which so far are known 
principally or exclusively from teeth) is confusing and controversial, especially the inclusion of fossil 
species in modern genera. The following details the controversial evolutionary history of the living 
genera, Carcharodon, Isurus and Lamna. 
The presence of very large (up to at Least 168mm in height; Gottfried et al., 1996) fossil shark 
teeth that resemble those of C. carcharias has sparked one of the most heated debates in 
elasmobranch paleontology. The debate focuses on whether or not these "mega-toothed" sharks are 
indeed related to the extant great white shark. There are two competing theories. The first theory 
contends that C. carcharias evolved relatively recently (late Miocene /early Pliocene) from within 
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the genus Isurus and hence has a separate evolutionary history from fossil mega-toothed sharks. The 
second theory is that C. carcharias is in fact closely related to these ancient mega-toothed sharks, and 
is the only surviving member of a lineage that dates back to the early Tertiary (Gottfried and Fordyce, 
2001). Both theories offer differing interpretations of how the tooth morphology of C. carcharias 
arose. 
Since Carcharodon was named in 1838, at least 96 species have been assigned to this genus 
(Gottfried et al., 1996; Gottfried and Fordyce, 2001). The validity of the vast majority of these 
species is highly questionable (Bhalla and Dev, 1985; Applegate and Espinosa-Arrubarrena, 1996). 
Applegate and Espinosa-Arrubarrena (1996) recognize only eight or nine fossil species as valid. 
However, the issue of whether these species should be retained in the genus Carcharodon rests upon 
which of the two above competing theories is correct. These fossil Carcharodon species (and other 
fossil species) have often been assigned to new genera, including Procarcharodon, 
Palaeocarcharodon, Megaselachus, and Carcharocles. Cappetta (1987) synonymized all these 
genera under the name Carcharocles, and placed this genus in the extinct family Otodontidae. If the 
mega-toothed sharks represent a lineage of sharks separate from modern C. carcharias, then these 
species (e.g., C. angustidens, C. auriculatus, C. megalodon) are referred to the genus Carcharocles. 
If, however, the second theory is correct, and the mega-toothed sharks are closely related to C. 
carcharias, then the mega-toothed species are retained in the genus Carcharodon, and all are 
regarded as belonging to a single lineage. 
Both theories hold that the mega-toothed sharks evolved in the early Tertiary from ancestors 
close to or within the extinct family Cretoxyrhinidae. Carcharodon orientalis (= Palaeocarcharodon 
orientalis) from the late Paleocene to early Eocene has been proposed as the ancestor of this mega-
toothed lineage, which itself evolved from an ancestor close to Cretalamna appendiculata (Applegate 
and Espinosa-Arrubarrena, 1996). The two theories differ, however, over whether C. carcharias 
evolved from within this lineage, or separately, from within the genus Isurus. The teeth of I. hastalis 
(lower Miocene-middle Pliocene) share several features with C. carcharias, including labiolingual 
flattening of the teeth and similar overall tooth shape (Cappetta, 1987; Yabe and Goto, 1996). The 
teeth of I. escheri (late Miocene) possess teeth with weak serrations, and thus it has been suggested 
that this species is an intermediate form between I. hastalis (unserrated teeth, as in modern Isurus) 
and C. carcharias (strongly serrated teeth). The teeth of 1. hastalis, 1. escheri and C. carcharias are 
therefore regarded as showing consecutive evolutionary stages consistent with the chronological 
record of these species. The discovery of an associated tooth set of 1. hastalis from the late Miocene 
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of Japan may also support this theory since 1. hastalis shows a heterodont pattern similar to that of C. 
carcharias (Yabe, 2000). 
However, the presence of C. carcharias teeth from as far back as the middle Miocene (Purdy, 
1996; Purdy et al., 2001) undermines this theory. Opponents of an origin of C. carcharias from fossil 
Isurus attribute the dental similarities to convergence, and regard C. megalodon and other mega-
toothed sharks as the closest known relatives of modern C. carcharias (Keyes, 1972; Yabumoto, 
1987; Applegate and Espinosa-Arrubarrena, 1996; Gottfried and Fordyce, 2001). Dental characters 
shared by both the mega-toothed sharks and C. carcharias support this second theory (Applegate and 
Espinosa-Arrubarrena, 1996; Gottfried and Fordyce, 2001). (For simplicity, the name Carcharodon 
will be used for these mega-toothed sharks for the remainder of this section. ) 
Further evidence for the second theory is found by examining the fossil remains of these 
ancient mega-toothed sharks. Giant fossil teeth and huge vertebrae are all that remain of the largest 
predatory shark that ever lived, Carcharodon megalodon. Although the size of this shark has been 
exaggerated (Keyes [ 1972] estimates a total length of 30m!) a conservative estimate of 16m by 
Gottfried et al. (1996), over twice the length of the living great white shark, is still impressive. 
Fossils of C. megalodon have been used to support its close relationship to C. carcharias. The most 
complete specimen of this shark, represented by 150 associated vertebrae from the Miocene of 
Belgium, display vertebral calcification patterns remarkably similar to C. carcharias (Gottfried et al., 
1996; Gottfried and Fordyce, 2001). Uyeno et al. (1989) describe the first (of only two) associated 
tooth set of C. megalodon which display the large "reversed" intermediate teeth considered diagnostic 
for the genus Carcharodon (Chapter Two). Bendix-Almgreen (1983) noted histological similarities 
in the teeth of both C. carcharias and C. megalodon and states it "indicates the close phyletic 
relationship between the two [Carcharodon] species" (p.21). 
Even though large marine mammals continue to inhabit the oceans, giant predatory sharks 
went extinct by the late Tertiary (or early Quaternary), with C. megalodon the last to disappear. 
Although it is possible that C. megalodon existed into the Pleistocene (Applegate and Espinosa-
Arrubarrena, 1996; Gottfried and Fordyce 2001), reliable fossils suggest the youngest remains are of 
middle Miocene/upper Pliocene age (Applegate and Espinosa-Arrubarrena, 1996). The earliest 
record of this shark is also contested. Gottfried and Fordyce (2001) state the oldest unambiguous 
record of C. megalodon is from the late Oligocene (Chattian} of New Zealand, while Keyes (1972) 
believes New Zealand specimens may be as old as the Eocene. Applegate and Espinosa-Arrubarrena 
(1996), however, believe the age of New Zealand specimens are unreliable and suggests the oldest 
record is from the lower middle Miocene of Mexico. Although Applegate and Espinosa-Arrubarrena 
89 
(1996) believe the oldest record of C. carcharias is also from the (upper) Miocene of Mexico, they do 
not believe C. megalodon is its direct ancestor, as once believed. 
Fossils of the giant mega-toothed sharks are highly correlated with their suspected prey (large 
cetaceans) and as such, the availability of prey may account for the distribution of fossil Carcharodon 
(Purdy, 1996). The record of these teeth may be biased in favor of areas rich in marine mammal 
fossils, and this would bias the collection of fossil teeth of giant sharks. In addition, living great 
white sharks are known to possess nursery areas and display size segregation of individuals (Chapter 
One). Both of these features are suggested by the fossil record: Sediments in North Carolina display 
an abundance of juvenile teeth (as well as small whales that may represent a food source for young 
sharks), and large adult teeth are noticeably absent from these putative nursery areas. Also, fossils of 
small C. carcharias are rarely found with those of larger species (e.g., C. megalodon), suggesting that 
size segregation occurred between species. Given that the prey items of these sharks still exist, some 
other factor must have been responsible for the extinction of C. megalodon (Gottfried et al., 1996). 
Many fossil species have been referred to Lamna, but most have now been split off into new 
genera (e.g., Cretalamna, Cretodus, Carchariolamna, Carcharoides, Isurolamna). The teeth of 
Carchariolamna (Miocene) are regarded by Cappetta (1987) as closely resembling those of Lamna, 
and differ only in the presence of a serrated cutting edge (absent in modern Lamna). Thus, he has 
suggested that C. heroni (the type species of Carchariolamna) might be a species of Lamna. The 
dentition of Carcharoides (middle Oligocene to middle Miocene) appears to display a combination of 
features found in several lamniform genera. For example, the anterior teeth of Carcharoides are 
morphologically similar to odontaspidids, whereas the lateral teeth are more lamnid-like, and similar 
to Lamna (Cappetta, 1987). Species also differ in the presence of serrations (a trait largely associated 
with Carcharodon). For example, the teeth of Carcharoides totuserratus have serrations, while those 
of Carcharoides catticus do not (Cappetta, 1987). The affinities of these genera are debated, and 
some authors, such as Cione and Reguera (1994) do not even consider Carchariolamna or 
Carcharoides to be lamniforms. 
~1ery few fossil remains can be confidently assigned to Lamna (Cappetta, 1987). Lamna 
rupeliensis (Oligocene, western Europe) may be the earliest representative of this genus (Cappetta, 
1987). Teeth referred to L. nasus have been recorded from the Pliocene of Western Europe 
(Cappetta, 1987). Hypercalcified rostral nodes characteristic of extant Lamna species are known 
from the Miocene (Burdigalian) of the United States (Purdy et al., 2001). 
There is also very little agreement on which fossil specimens can be assigned to the genus 
Isurus. The diagnosis of many fossil Isurus (and related species) is problematic due to both 
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ontogenetic heterodonty and variation in dentition observed within a species (Uyeno et al., 1980; 
Kaga, 1985; Purdy et al., 2001). For example, the deep-water genus Xiphodolamia (lower-middle 
Eocene) has often been placed within the Hexanchiformes. However, Cappetta (1987) states that this 
genus may have affinities to Isurus since its anterior teeth resemble the teeth of juvenile Isurus. 
1. winkleri from the late Paleocene (Thanetian; western Europe) is regarded as both the 
earliest known Isurus species and the earliest known lamnid by Cappetta (1987, 1993). However, 
Cione and Reguero (1994) suggest that the teeth of 1. winkleri may represent the upper anterior teeth 
of Striatolamia macrota; hence, they regard the late Paleocene 1. novus as the earliest known Isurus. 
Cappetta (1987) refutes Cione and Reguero (1994), and states that 1. novus is more likely to be a 
mitsukurinid. 
The fossil record of extant Isurus species is also controversial. 1. oxyrinchus material has 
been recorded from the late Eocene (Case, 1981) and middle Miocene (Case, 1980; Uyeno et al., 
1980), but this material has subsequently been assigned to the extinct species I. praecursor and 1. 
desori (Kayasawa, 1989; Case and Cappetta, 1990). I. desori is considered a junior synonym of 1. 
oxyrinchus by Purdy et al. (2001), but considered a valid species ancestral to modern Isurus by Kuga 
(1985). Since teeth of I. oxyrinchus are often confused with teeth of other Isurus species it is difficult 
to determine the earliest record, but teeth assigned to this species are reported from the lower 
Miocene (Burdigalian; United States; Purdy et al., 2001) and early Pliocene (Zanclian, Italy; Cigala 
Fulgosi, 1986). 
According to Kuga (1985) and Purdy et al. (2001), the fossil record of 1. paucus is difficult to 
evaluate because of insufficient information regarding living specimens. Certain 1. desori teeth 
(Oligocene of Belgium) appear to belong to 1. paucus (Purdy et al., 2001). Also, based on dental 
morphology alone, 1. paucus may actually be the same as the fossil species I. hastalis, which would 
make 1. paucus a j unior synonym of 1. hastalis (Purdy et al., 2001). 1. hastalis has been mentioned 
earlier in connection with one hypothesis for the evolution of Carcharodon carcharias. Teeth 
resembling those of 1. paucus are also known from the Pliocene of Japan (Kuga, 1985). 
Family Cetorhinidae 
cetorhinids appear to have developed afilter-feeding lifestyle early in their evolution based 
on the tooth morphology of lower Miocene specimens (Cappetta, 1987). The reduced, inconspicuous 
teeth (usually less than lcm in height) of planktivorous cetorhinids may be overlooked in sediments 
where larger shark teeth (such as Carcharodon and Isurus) are dominant (Gottfried, 1995). For this 
reason, the unique gill-rakers of cetorhinids are the first recognized fossil remains for this group 
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(Cappetta, 1987), and thus may be the best indicators of their history. At least two species of 
Cetorhinus are recognized: remains from the Oligocene to Miocene are often attributed to C. parvus 
while later remains from the Pliocene are assigned to the extant species C. maximus (Cappetta, 1987). 
The teeth of C. parvus differ from C. maximus in the root morphology, and in this respect show some 
resemblance to the teeth of the fossil species Alopias exigua (Cappetta, 1987). Thus, it has been 
suggested that cetorhinids arose from a lineage close to alopiids (Cappetta, 1987). This conflicts with 
the close affinities proposed between cetorhinids and lamnids based on the modern species (Chapter 
Two). 
Confusion regarding fossil remains of cetorhinids may influence the interpretation of their the 
evolutionary history. For example, a tooth (Karasawa, 1989), gill-rakers (Bendix-Almgreen, 1983; 
Itoigawa et al., 1985) and vertebral centra (Bendix-Almgreen, 1983) from the Miocene have all been 
assigned to C. maximus, and indicate that this species may have an earlier fossil record than 
previously believed. In addition to teeth and gill-rakers, a clasper spine (similar to C. maximus) is 
known from the lower Miocene (Burdigalian; Purdy et al., 2001). Vertebral centra of cetorhinids 
have been confused with those of Carcharodon megalodon, due in part to their large size, and 
cetorhinids may therefore be more prevalent in the fossil record than previously believed. Vertebral 
centra from the Miocene have been assigned to the genus Cetorhinus by Gottfried (1995). The 
earliest record of Cetorhinus is a fragment of a gill raker from the middle to late Eocene of Antarctica 
(Clone and Reguero, 1998). 
Shark remains from the Late Triassic (Rhaetian) of Western Europe resemble the teeth and 
gill-rakers of cetorhinids (Duffin, 1998; Cuny et al., 2000). Duffin (1998) believed these remains, 
comprising isolated teeth and gill-rakers, belong to a new genus and species of cetorhinid, which he 
named Pseudocetorhinus pickfordi. His description is followed here. The teeth of Pseudocetorhinus 
are smaller and more thorn-like than those of C. maximus, but share the same construction of the root 
and crown. The teeth of the two species differ in that adult C. maximus crowns are more flattened, 
have better-developed cutting edges, and are more spatulate in shape. The cutting edges of the 
Pseudocetorhinus teeth also show certain similarities to the reduced teeth of Megachasma, including 
the weak cutting edges and triangular central cusp. The gill-rakers of Pseudocetorhinus resemble 
those of modern and Tertiary cetorhinids 
The triple layer of enameloid found in Pseudocetorhinus teeth suggests that the teeth belong 
to a neoselachian (Duffin, 1998; Cuny et al., 2000). Other Mesozoic sharks known from this time, 
such as hybodonts and ctenacanths, possess only a single layer of enameloid (Cuny et al., 2000). The 
morphology of the teeth and gill-rakers suggests that pelagic filter-feeding sharks were present in the 
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Late Triassic (Duffin, 1998). However, Cuny et al. (2000) questions the referral of Pseudocetorhinus 
to the Cetorhinidae, or to the Lamniformes, since it creates a large gap in the fossil record between 
the Late Triassic and early Tertiary, and no undisputed lamniforms are known before the Cretaceous. 
Pseudocetorhinus certainly documents the existence of filter-feeding neoselachians in the early 
Mesozoic; but further material is required to establish whether this material is referable to the 
Cetorhinidae, or is an example of convergent evolution. This highlights one of the difficulties of 
constructing phylogenies based on fossil teeth (and gill-rakers, in this case). 
Family Megachasmidae 
The fossil record of Megachasma illustrates another difficulty encountered when isolated 
shark teeth are all that is known of the fossil history of a group. In the 1960's, small teeth (2-15mm 
in height) were found in late Oligocene /early Miocene deposits of California and Oregon (Taylor et 
al., 1983). Paleontologists debated the identity of these teeth, and some argued that they might be 
primitive carcharhiniforms (especially Scyliorhinidae or Pseudotriakidae) despite their osteodont 
tooth histology (Compagno, 1990b). It was not until much later that the discovery of the first 
megamouth shark suggested the possible nature of these fossils (Taylor et al., 1983; Lavenberg, 
1991). These fossil teeth were similar, but "distinctly more primitive", than those of the newly 
discovered M. pelagios, and thus may represent extinct members of this genus (Taylor et al., 1983; 
Purdy et al., 2001). 
Teeth belonging to the genus Megachasma have been reported from the Burdigaiian (lower 
Miocene) of North Carolina (Purdy et al., 2001). These teeth are different from the 
California/Oregon fossils in several respects and "exhibit considerable morphological diversity" 
(Purdy et al., 2001). This "morphological diversity", combined with the fact that this species was 
only recently discovered, may be responsible for the misidentification of fossil Megachasma teeth in 
the past. For example, small, osteodont teeth assigned to the genus Megascyliorhinus (family 
Scyliorhinidae) may actually belong to a fossil megachasmid. These teeth are nevertheless quite 
distinct from those of Megachasma and thus warrant the retention of a separate genus. If these teeth, 
known from as early as the early Eocene, do belong to a megachasmid then they would represent the 
earliest known member of this family. Given the aforementioned difficulties, it is possible that a 




Given the paucity of data on the only living species, Pseudocarcharias kamoharai, in this 
family (Chapter One), it is of no surprise that fossil remains for this group are also poorly known. 
The fossil record of Pseudocarcharias may be underrepresented for two reasons. First, P. kamoharai 
is considered a pelagic, possibly deep-water shark, and remains from this environment are 
uncommon. Second, the awl-like teeth of Pseudocarcharias resemble certain other lamniforms (e.g., 
Carcharias and Isurus) and may have been mistaken for these taxa (Cigala Fulgosi, 1992). Despite 
these difficulties, teeth attributable to the genus Pseudocarcharias are found in the middle Miocene 
(lower Serravalian) of Italy (Itoigawa et al., 1985; Cigala Fulgosi, 1992). 
Summary 
Elasmobranchs have a long and rich evolutionary history. The first elasmobranchs are known 
only from microscopic scales present in the early Silurian. At the end of the Silurian and during the 
early Devonian, elasmobranchs diversified into several groups of unusual sharks, the likes of which 
are unknown today. Many of the Paleozoic forms went extinct during the early Mesozoic and it was 
during this time that the second major radiation of elasmobranchs occurred. This second radiation 
would lead to modern shark groups. Fossil remains present in the lower Jurassic, such as the 
complete skeleton of Palaeospinax, introduce us to the first members of the Neoselachii, the group 
that includes all modern elasmobranchs. These Mesozoic fossils display features found in modern 
sharks, and provide insight into the early evolution of modern elasmobranchs. Although 'the exact 
ancestor of neoselachians is unknown, this group underwent a rapid radiation in the Mesozoic, 
resulting in the establishment of all modern shark orders, including the Lamniformes, by the end of 
the Cretaceous. 
Lamniforms appear to have been the dominant predatory sharks of the Cretaceous and were 
well established by the lower part of this period. The order was most diverse in the later part of this 
period, but most of these Cretaceous lamniform taxa left no descendents beyond the end of the 
Cretaceous. Since the early Tertiary, lamniforms have slowly declined (Siverson, 1992), though this 
group did produce some spectacular forms, notably C. megalodon, the largest predatory shark ever 
known. Thus, modern lamniforms probably represent a small sample of the total diversity that once 
existed within the order. Unlike the Carcharhiniformes, the diversity of the Lamniformes was 
greatest in the Cretaceous and early Tertiary, and they never recovered from the decline that followed 
this success. 
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As with other chondrichthyans, the fossil record of lamniforms is almost exclusively 
.composed of isolated teeth, and reconstructing the phylogeny of these sharks based on the fossil 
record is fraught with difficulty. The dental characters used to distinguish groups are confusing and 
highly controversial. Interpretations regarding the affinities of fossil shark teeth largely depend upon 
the individual researcher examining them, and which particular tooth characters they favor. It is only 
when we have complete tooth-sets and/or associated skeletal remains that we have a better chance of 
inferring the relationships of fossil shark taxa. Unfortunately, these types of remains are extremely 
rare for cartilaginous fishes. While an accurate phylogeny of lamniform sharks may not be possible 
based on fossil remains, the teeth do provide a potential timeframe for divergences within the group 
(see Tables 3.2 and 3.3). 
Table 3.2. Temporal distribution of lamniform families. 
Family Temporal distribution 
Cretoxyrhinidae Early Cretaceous -~ Eocene 
Anacoracidae Cretaceous only 
Odontaspididae Early Cretaceous -~ Recent 
Mitsukurinidae Early Cretaceous ~ Recent 
Alopiidae ?Late Cretaceous*~ Recent 
Lamnidae Paleocene Recent 
Cetorhinidae ?Late Triassicf~ Recent 
Megachasmidae ?Eocene$ ~ Recent 
Pseudocarchariidae Miocene ~ Recent 
* The Cretaceous record of Alopiidae comprises the genus Paranomotodon, the alopiid status of which is 
controversial. The otherwise earliest alopiid is Alopias denticulatus. 
$ The Late Triassic record of Cetorhinidae comprises the genus Pseudocetorhinus, the cetorhinid status of 
which is controversial. The otherwise earliest cetorhinid belongs to the extant genus Cetorhinus. 
$ The Eocene record of Megachasmidae comprises the genus Megascyliorhinus, the megachasmid status of 
which is controversial. The otherwise earliest megachasmid belongs to the extant genus Megachasma. 
The previous Chapter discussed the difficulty in resolving the systematics of extant 
lamniforms based on both morphology and molecular data. Unfortunately, the fossil record of 
lamniform sharks does little to help resolve these relationships. It has been suggested that large 
molecular datasets, such as entire mitochondria genome sequences, combined with complete taxon 
sampling, may help resolve controversial phylogenies. Since only 15 extant lamniform sharks are 
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known, this group represents an excellent opportunity to test this hypothesis. The following Chapter 
discusses our current knowledge of mitochondrial genomes and how mitochondrial sequence data has 
been used in phylogenetic analyses. 
Table 3.3. Earliest record of extant lamniform genera. 
Family Living genera ~ Earliest member of genus 
Odontaspididae Odontaspis O. saskatchewanensis, Late Cretaceous 
Carcharias C. striatula, Early Cretaceous 
Mitsukurinidae Mitsukurina M. maslinensis, Eocene 
Alopiidae Alopias A. denticulatus, Eocene 
Lamnidae Carcharodon C. orientalis, Paleocene 
Isurus 1. winkleri or I. novas, both Paleocene 
Lamna L. rupeliensis, Oligocene 
Cetorhinidae Cetorhinus Cetorhinus sp., Eocene 
Megachasmidae Megachasma Megachasma pelagios, Miocene 
Pseudocarchariidae Pseudocarcharias Pseudocarcharias sp., Miocene 
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CHAPTER FOUR: MITOCHONDRIAL GENOMES, TAXON SAMPLING AND 
PHYLOGENY 
Introduction 
Several unique properties of mitochondria) genomes have made them of great interest to 
evolutionary research. The first part of this Chapter discusses these properties and provides a general 
introduction to the organization and function of mitochondria) genes. Due to the significant variation 
in mitochondria) genomes among organisms, only the characteristics of vertebrate mitochondria) 
genomes will be discussed. The second part of this Chapter discusses the popular notion that larger 
datasets, such as the entire mitochondria) genome, and increased numbers of taxa (taxon sampling), 
improve the resolution of phylogenetic analyses. 
Mitochondria) genome organization 
By eukaryotic standards, mitochondria) genomes of vertebrates are small, at approximately 
16-25 kb. Early studies on the mitochondria) genomes of mammals and the frog Xenopus revealed 
several common features. This circular molecule was composed of 37 genes (22 tRNA genes, two 
rRNA genes, and 13 protein-coding genes) in the same order. The genome was double-stranded, and 
composed of a heavy strand (which contained the majority of coding sequence) and a light strand 
(with eight tRNA genes and only one protein-coding gene, ND6; see below). The organization of the 
vertebrate mitochondria) genome is highly compact: with the exception of the displacement loop (D-
loop) and the origin of light strand synthesis (OL), almost the entire mitochondria) genome codes for 
proteins, rRNAs and tRNAs, and lacks the introns characteristic of nuclear DNA. Although 
intergenic spaces are present within the mitochondria) genome, these are usually very small, 
consisting of only several bases. Such tight organization is prohibitive to transpositions since 
insertions would need to occur in precise locations between genes in order to maintain the function of 
these genes (Brown, 1983). 
Nevertheless, mitochondria) gene rearrangements do occur. Although the gene arrangement 
common to humans and Xenopus seems conserved across the majority of vertebrates (including 
sharks), exceptions in mitochondria) gene arrangement do occur in several vertebrate groups. These 
rearrangements sometimes involve protein-coding genes, but novel arrangements of tRNA genes are 
far more common (Macey et al., 1998). Such rearrangements are documented in lampreys, certain 
bony fishes, certain frogs, many reptiles (tuatara, lizards, snakes, crocodilians), marsupials, and birds 
(Paabo et al., 1991; Macey et al., 1997a,b; Boore, 1999; Pereira, 2000; Inoue et al., 2001). 
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A unique arrangement in which a second copy of the D-loop is found between the genes far 
NADH1 and NADH2 is found in three families of snakes (Viperidae, Colubridae, Boidae; Kumazawa 
and Nishida, 1993). Mitochondria) gene arrangements in vertebrates are believed to be useful as 
phylogenetic markers, particularly in birds, marsupials, snakes, iguanas and eels (Paabo et al., 1991; 
Boore and Brown, 1998; Macey et al., 2000; Pereira, 2000; Inoue et al., 2001). However, several 
Glades of birds were found to have acquired the same mitochondria) rearrangements independently, 
indicating that identical rearrangements may be subject to convergence, which would undermine their 
utility as phylogenetic markers (Mindell et al., 1998). 
In addition to gene rearrangements, duplications are surprisingly common in vertebrate 
mitochondria) genomes (Wolstenholme, 1992; Savolainen et al., 2000). Duplications frequently occur 
close to or within the non-coding D-loop and are usually responsible for the difference in size 
between vertebrate mitochondria) genomes. Tandemly repeated sequences occur within the D-loop of 
the lizard genus Cnemidophorus, several mammals (including rabbits, dogs wolves, shrews, and pigs) 
and three species of fish (Alosa sapidissima, Acipencer transmontanus Gadus moruha). These range 
in size from the 20 by sequence of the rabbit to between one and three copies of a 1500 by sequence 
in A. sapidissima (chad). Nontandemly arranged repeats have also been reported in the D-loop of 
Xenopus laevis (two copies of a 45 by sequence} and the chicken, Gallus domesticus (two copies of a 
29 by sequence) (Savolainen et al., 2000). 
Duplications are not solely restricted to the D-loop, as large-scale duplications involving 
protein-coding genes and tRNAs have also been reported. A 5 kb repeat of the sequence including 
12S rRNA, 16S rRNA, the D-loop and almost the entire ND 1 gene was reported in the gekko 
Heteronotia binoei (Zevering et al., 1991). Variation in both length (0.8 to 8 kb) and gene content 
occur in several species of lizards in the genus Cnemidophorus (Moritz and Brown, 1986; Moritz and 
Brown, 1987). In this genus, 70% of reported duplications included the entire D-loop and at least one 
rRNA gene. The largest duplication was 8.0 kb, and included all genes between ND6 and NAD 1. 
Several duplications also included the protein-coding genes ND2 and NDS (Moritz and Brown 1987). 
A unique repeat is found in the squamate reptile Bipes biporus (Amphisbaenidae). In B. 
biporus, a single tandem repeat of the tRNAs for proline and threonine occurs, in which one of each 
copy possesses mutations that render them nonfunctional and turn them into pseudogenes. This is the 
first report of a repeat that consists entirely of two tRNAs (Macey et al., 1998). In Chapter Six, a 
second occurrence of this is documented in a lamniform shark. 
How might the unusual duplication present in B. biporus arise? Examination of the 
mitochondria) genomes of some iguanas (Acrodonta) and the tuatara (Sphenodon) have been reported 
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in which the O~ sequence is either absent or displaced. These genomes also possess tandemly 
duplicated genes and it is believed that errors in light strand replication may be the mechanism for 
generating these duplications (Macey et al., 1997a,b, 1998). The OL in the genome of B. biporus is 
also displaced; hence errors in light strand synthesis may be responsible for the duplications (Macey 
et al., 1988). Until the exact mechanisms responsible for these gene rearrangements are understood, 
the usefulness of these characters as phyiogenetic markers should be regarded with caution (Curole 
and Kocher, 1999). 
Function of mitochondrial genes 
The majority of mitochondrial proteins are encoded by the nucleus, manufactured in the 
cytoplasm, and imported into the mitochondrion. In fact, all of the enzymes required for the 
replication, transcription and translation of the mitochondrial genome are encoded by the nucleus 
(Gilham, 1994). Other nuclear-encoded proteins include those associated with the outer 
mitochondrial membrane and enzymes required for both the Citric Acid Cycle and fatty acid 
oxidation (Gillham, 1994). However mitochondrial genes are involved in two important functions: 
the synthesis of mitochondrial proteins and cellular respiration. 
Although mitochondrial ribosomal proteins are encoded by the nucleus, the mitochondrial 
genome contains all of the RNA components necessary for translation. This includes both the small 
(12S rRNA) and large (16S rRNA) subunits of the mitochondrial ribosome, and a complete set of 
tRNA genes. Unlike nuclear DNA, in which an amino acid may be recognized by several tRNAs 
(due to the `wobble' effect), each mitochondrial tRNA recognizes a single codon (Cantatore and 
Saccone, 1987). All 20 amino acids are recognized as well as two copies each of leucine and serine. 
Modifications of the tRNA for methionine result in the recognition of four start codons, instead of the 
usual AUG sequence (Cantatore and Saccone, 1987). Other modifications to the mitochondrial 
genetic code include the use of AGA and AGG as stop codons rather than arginine codons, and the 
use of AUA and UGA as methionine and tryptophan, respectively, instead of isoleucine and a stop 
codon. 
Mitochondrial genes are also involved in both the electron transport chain and ATP synthesis. 
The inner mitochondrial membrane contains five protein complexes associated with cellular 
respiration. With the exception of Complex II (the succinate-ubiquinone oxidoreductase complex) all 
of these complexes contain proteins encoded by mitochondrial genes. It is interesting to note that 
mitochondrial proteins associated with cellular respiration are all embedded in the inner 
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mitochondrial membrane and are hydrophobic in nature. This feature may influence the evolution of 
these proteins, and hence the genes that code for them (see below). 
NADH ubiquinone reductase (Complex I) 
This complex has been called one of the most complicated enzyme systems known, with at 
least 19 poiypeptides (41 are known for bovine heart mitochondria) necessary for its function 
(Gillham, 1994). Given the complexity of this system, it is no wonder that its function is still largely 
unknown (Shevchuk and Allard, 2001). The majority of the proteins associated with this complex are 
nuclear in origin, although seven subunits (NADH 1 through 6 and NADH4L) are derived from the 
mitochondrial genome. Nuclear-derived proteins comprise the hydrophilic portion of the complex 
whereas mitochondriai genes encode the hydrophobic portion of the complex. This complex 
catalyses the oxidation of NADH by ubiquinone and is the entry point for electrons transferred from 
NADH into the electron transport chain. However, the discovery that NADH 1 protein acts as a cell 
surface antigen in mice reveals that the function of these genes is still far from understood (Boore, 
1997). 
Ubiquinol - cytochome-c reductase (Complex III) 
This complex contains the multi-protein complex, Cytochrome bcl, composed of both 
Cytochrome b and c 1 molecules, and an iron-sulfer cluster (FeS). This complex catalyzes the 
oxidation of reduced coenzyme-Q by Cytochrome c 1. Cytochrome b is the only mitochondrially 
encoded protein in this complex, and encodes the highly hydrophobic apocytochrome b protein. 
Cytochrome c oxidase (Complex IV) 
This complex is composed of Cytochrome coxidase, amulti-protein complex in which three 
subunits of Cytochrome oxidase (CO) are derived from mitochondrial genes. The mitochondrial 
components are embedded in the membrane and are thus hydrophobic. Cytochrome oxidase subunits 
I-III form the catalytic core of the complex and are essential for its function: creating an 
electrochemical gradient that provides the majority of energy used to drive ATP synthesis (Adkins et 
al., 1996). 
ATP synthase (Complex V) 
The protein ATP synthase is composed of two parts, Fo and F1. Fo is composed of five 
nuclear encoded proteins, and is involved in the phosphorylation of ADP. Fo sits in the inner 
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mitochondrial membrane and contains protein channels; subunits 6 and 8 are mitochondrial in origin 
while subunit 9 is derived from the nucleus. 
Utility of mitochondrial genomes in phylogenetic analysis 
Mitochondrial genomes have several properties that make them potentially useful for 
phylogenetic analyses. Mitochondrial genomes can be easily purified, since they are separate from 
the nuclear genome and exist in high copy numbers. A growing number of vertebrate mitochondrial 
genomes are being sequenced, and databases such as Vertebrate MitBASE make information on these 
genomes readily accessible (Carone, 1999). Mitochondrial genomes are almost ubiquitous; they are 
known for almost all eukaryotic organisms. Mitochondrial genes evolve rapidly (as compared to 
nuclear genes); and since different parts of the molecule evolve at different rates, a wide spectrum of 
evolutionary time can (in theory) be captured using mitochondrial genomes (Hillis et al., 1996a). For 
example slowly evolving ribosomal genes have been regarded as useful for resolving deep 
divergences. At the other extreme, the D-loop can vary intraspecifically and has been used in 
population studies (see below). 
Several generalizations concerning the evolution of mitochondrial genomes have often been 
accepted with little question. For example, the theory that mitochondrial genomes are maternally 
inherited and do not recombine have made this molecule important in both phylogenetic and 
population genetics. The theory that mtDNA follows the neutral theory of evolution has prompted its 
use as a molecular clock. The next section examines some of these properties in detail, as well as 
how recent evidence indicates that the evolution of these molecules may not be as simple as once 
believed. 
Rapid evolution 
As noted above, early studies on vertebrate mitochondrial genomes revealed that they were 
genetically highly compact structures that encode the same 37 genes required for cellular metabolism. 
Such organization and function seemed to imply that these organelles could not tolerate change since 
any disruption of the molecule may prove deleterious. Hence, when it was shown that the 
mitochondrial genomes of primates evolved five to ten times faster than nuclear DNA (Brown et al., 
1982) this result was unexpected, especially given that the function of mitochondria is dependent on 
its interactions with nuclear-encoded proteins (Cantatore and Saccone, 1987; Avise, 1991). It has 
been observed that almost all mutations involve either variations in length (mostly in the D-loop) or 
base substitutions, with transitions significantly outnumbering transversions (Wilson et al., 1985; 
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Avise, 1994). In addition, these substitutions accrued predominately at silent sites; thus the rate of 
mutations resulting in amino acid changes was similar to that of nuclear genes (Cantatore and 
Saccone, 1987). 
Mitochondria) replication is inherently inaccurate since mitochondria) polymerases 
incorporate mispaired bases at a rate five times higher than nuclear polymerases (Brown and 
Simpson, 1982). Further, there is evidence that mutations accumulate in mitochondria) genomes due 
to inefficient repair of damaged sequences. Mutation experiments in bacteria (from which 
mitochondria are believed to have originated) are consistent with this hypothesis, although the exact 
repair mechanisms that operate in mtDNA are unknown (Avise, 1991). 
Further, there is evidence that mitochondria) evolution is affected by metabolic rate. The 
rates of substitution in mitochondria) protein-coding genes in mammals and birds are around one 
order of magnitude higher than in fishes, sharks and amphibians. This has been demonstrated using 
complete mitochondria) sequences (Adachi et al., 1993) and CYTB (Kocher et al., 1989; Cantatore et 
al., 1994; Martin, 1999). Two hypotheses have been advanced to account for this, both associated 
with an endothermic versus ectothermic metabolism: (1) there is a relaxation of selective constraints 
operating on proteins in endothermic vertebrates; or (2) there is a higher mutation rate associated with 
endothermy. According to the first hypothesis, mitochondria) proteins must perform the same 
functions in ectotherms as in endotherms, but in the former these functions must be performed at a 
greater range of temperatures, since the animal cannot maintain a constant body temperature; this may 
constrain amino acid changes in ectotherms compared to endotherms. 
According to the second hypothesis, an endothermic metabolism requires a greater number of 
mitochondria per cell, and this may require a faster replication rate, which perhaps leads to a higher 
mutation rate due to inefficient repair of damaged mitochondria) DNA. Endotherms tend to have 
smaller mitochondria) genomes than ectotherms, and it is thought that a faster replication rate 
selectively favors smaller genomes (Rand, 1993). Aerobic energy production by the mitochondria is 
known to generate reactive oxygen species that can damage DNA (Cadonas and Davies, 2000). This 
endogenous damage to mitochondria) DNA has been reported to lead to directional nucleotide 
substitutions in the form of GC -~ AT transitions (Martin, 1995). Thus, there is an association 
between weight-specific metabolic rate (SMR) and directional substitution in mammals, with an 
accelerated rate of O~ consumption leading to increase in AT nucleotides in the mitochondria) 
genome (Martin and Palumbi, 1993; Martin, 1995). This is the "physiological clock" hypothesis. 
However, in a comparison of both nuclear and mitochondria) genes between mammals and 
sharks, Martin (1999) found that the rate of synonymous substitutions was an order of magnitude 
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lower in sharks (Lamniformes) than in mammals for both mitochondrial and nuclear genes. This 
study also found little variation in substitution rate among the 11 species of Lamniformes tested, 
despite the presence of endothermic species in this order (Chapter One). Although metabolic activity 
may impact on mitochondrial evolution, this is not the whole story. The mitochondria of crocodiles, 
which are ectotherms, evolve faster than birds, which are endotherms (Kumazawa and Nishida, 
1993). 
Paralogy and lineage sorting 
It is often assumed that a phylogeny constructed for a given gene across several species is 
equivalent to the phylogeny of the species. However, genes undergo their own processes of 
evolution, which may confound organismal phylogeny. For example, transposition or duplication of 
a gene may lead to loss (i.e., a pseudogene) or change of function in the new copy. Thus several 
copies of a gene may exist that evolve under very different circumstances. These genes, .which are 
not the result of common ancestry, are known as paralogous genes. 
Mitochondrial genes, however, have been traditionally considered single copy and free from 
introgression (Cao et al., 1994; Hillis et al., 1996b; Hwang and Kim, 1999). Thus, all mitochondrial 
genes should be orthologous. However, as mentioned above, large-scale duplications do occur in 
some vertebrate mitochondrial genomes, and thus such assumptions concerning mitochondrial 
evolution may not be absolute. In addition, mitochondrial pseudogenes exist in the nuclear genome 
of several reptiles, birds and mammals (De Woody et al., 1999; Bensasson et al., 2001; Nielsen and 
Arctander, 2001); such nuclear mitochondrial pseudogenes {NUMTS) indicate that even 
mitochondrial genes may not be strictly single-copy. 
A second problem that leads to error in estimations of species trees from genetic data is 
lineage sorting. Lineage sorting occurs when alleles are removed from populations at varying rates, 
due to genetic drift. Differential survival of alleles can result in allele phylogeny that is different 
from the species phylogeny (Page and Holmes, 1998). There are two factors that affect the ability of 
a gene to track species phylogeny. The first is the rate of speciation: if rapid speciation occurs, new 
species are generated in less time than it takes for alleles to become fixed and therefore species 
phylogenies may not reflect allele phylogenies. The length of the internodes resulting from speciation 
is the same for both mitochondrial genes and nuclear genes. The second factor is population size: an 
allele is more likely to become fixed in a smaller population. 
However, certain properties of mitochondria may help alleviate the above problems. Since 
mitochondria are believed to be maternally inherited, and hence can be considered haploid, the 
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effective population size is one quarter that of nuclear autosomal genes. Therefore, mitochondrial 
genes are more likely to become fixed prior to speciation and hence more likely to reflect species 
phylogeny than nuclear autosomal genes (Moore, 1995). Also, the rapid evolution of mitochondrial 
protein-coding genes (see above) means that they may be better able to track species-level divergence 
(Moore, 1995) . 
Maternal inheritance and neutral theory 
The above scenario depends on two features of mitochondrial evolution: that it is maternally 
inherited and that it is a stochastic process (i.e., neutral and hence influenced by genetic drift). A 
second application of mitochondrial DNA, its use as a molecular clock, also depends on both of these 
principles. Although these are widely accepted properties of mitochondrial DNA, increasing 
evidence suggests that there are exceptions. 
Maternal inheritance 
Paternal inheritance of mitochondrial DNA is considered unlikely since sperm mitochondria 
are greatly outnumbered by those in the egg and mechanisms exist in which sperm mitochondria are 
located and destroyed (Bromham et al., 2003}. However, a few known examples of paternal 
inheritance do exist in invertebrates (e.g., Drosophila, Mytilus; Avise, 1994). Although vertebrate 
examples of paternal inheritance exist in mice (Mus musculus and M. spretus) and the great tit (Parus 
major), these are limited to hybridization events and are considered exceptional (Bromham et al., 
2003). Thus, in vertebrates, maternal inheritance is considered the norm. 
However, recent evidence of paternal inheritance in humans questions this generalization. In 
one example, a man suffering from a debilitating metabolic disorder was found to possess two distinct 
forms of mtDNA in his cells (heteroplasmy). Upon further examination, it was revealed that the 
majority of mitochondrial were derived from his father, not his mother (Bromham et al., 2003). 
Indeed, incidents of heteroplasmy have been documented in many vertebrate taxa (Wilson et al., 
1985). In light of these discoveries in humans, the assumption that all cases of heteroplasmy are due 
to mutation should be tested, when feasible. 
Mitochondria) evolution is a stochastic process 
The neutral theory of evolution states that most mutations are deleterious and are hence 
quickly removed from populations. Therefore most mutations that remain in populations are neutral 
(i.e., convey no selective advantage to the organisms) and are fixed by a random process (genetic 
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drift; Page and Holmes, 1998). However what if, in contrast to the neutral theory, slightly deleterious 
alleles could become fixed in populations? Such a scenario may be responsible for the presence of 
metabolic disorders in humans (Nachman et al., 1996). Several metabolic disorders in humans are 
believed to be associated with defects in mitochondrial genes associated with oxidative 
phosphorylation (Nachman et al., 1996). Although the exact cause of such disorders is unknown, 
approximately 20 amino acid changes in mitochondrial genes may be associated with such diseases. 
Many of these changes are considered only slightly deleterious, and since they occur late in life may 
be passed on to future generations (Nachman et al., 1996). 
A second violation of the neutral theory is also found in mtDNA. Analysis of the 
mitochondrial NADH3 gene in mice, chimpanzees, and humans revealed that the ratio of replacement 
substitutions to silent substitutions was significantly higher within species compared to between 
species (Nachman et al., 1996). If mtDNA follows a strictly neutral mode of evolution then such a 
ratio should not exist. Further analysis of the genes encoding both the remaining subunits of NADH 
and CO in humans also revealed this pattern, suggesting that it was not unusual (Nachman et al., 
1996). In addition, humans with some of the metabolic disorders described above displayed higher 
replacement to silent substitution ratios than healthy individuals, suggesting such ratios may be 
influenced by deleterious mutations (Nachman et al., 1996). 
Mitochondrial DNA as a molecular clock 
Analysis of mitochondrial genomes of a variety of vertebrate taxa revealed that the mean rate 
of divergence over the entire mitochondrial genome for all of these species is approximately 2% per 
million years (Wilson et al., 1985). The idea that this constant rate of evolution existed in such 
diverse species as those listed above prompted the use of mtDNA as a molecular clock. In addition, 
exclusive maternal inheritance implies that the evolutionary history of species could potentially be 
traced to a single individual. These assumptions inspired the search for the single ancestor of all 
mankind ("Mitochondrial Eve"). However, a constant rate of 2% per million years is only applicable 
to the mitochondrial genome as a whole, and as mentioned above (and discussed below) individual 
mitochondrial genes evolve at variable rates. Therefore, the clock-like behavior of any individual 




Although vertebrate mitochondrial genomes were once considered compact, highly structured 
systems, several species exhibit variations in gene arrangement and in length, due to both insertions 
and deletions (such as in the D-loop and OL ). It is unknown why mitochondrial genes, which are so 
vital in metabolic function, possess extremely high mutation rates as compared to nuclear genes. 
Such rapid mutation rates, combined with maternal inheritance, Lack of recombination, and its 
potential use as a molecular clock, have made this molecule a favorite for both phylogenetic and 
population genetics. Although there are exceptions to such generalizations, mitochondrial genes and 
genomes are still widely used in phylogenetic analyses. The next section will discuss the utility of 
mitochondrial genes and genomes in molecular evolution. 
Displacement loop (D-loop) 
The D-loop contains both the initiation site for replication and the promoters for transcription 
for both the heavy and light strands. Despite the functional importance of this region, the D-loop is 
the fastest evolving region of the genome: rates of evolution in human D-loop sequences have been 
estimated to be between three and five times faster than CYTB (Meyer, 1994}. In addition to elevated 
substitution rates, the D-loop is frequently associated with insertions, deletions, and duplications (see 
above) and accumulates these mutations more frequently than any other portion of the mitochondrial 
genome (Stewart and Baker, 1994). Due to such exceptionally high mutation rates, D-loop sequences 
are often used to investigate phylogenies within species and populations (Brown et al., 1993; Hwang 
and Kim 1999). 
Despite such high mutation rates, there are conserved regions in the sequence of the D-loop. 
Identification of such conserved sequence blocks (CSBs) has been important in understanding the 
structure and possible function of such areas. Brown et al. (1986) divide the D-loop into three 
domains: a central region, and 5' and 3' flanking regions. These regions are differentiated by both 
their adenine composition (which is low in the central region, and high in the flanking regions) and 
their relative mutation rates, with the flanking sequences hypervariable and the central region very 
highly conserved (Brown et al., 1986; Tamura and Nei, 1993). Despite their hypervariability, both 5' 
and 3' regions contain sequences capable of forming secondary stem and loop structures, which are 
believed to be important in replication (Brown et al., 1986; Saccone et al, 1991). 
The function of the secondary structure of the control region has proven difficult to interpret 
since the above properties vary in both their position and their sequence across species (e.g., Brown et 
al., 1993; Dillon and Wright, 1993; Perna and Kocher, 1995; Kitamura et al., 1996). Indeed, there 
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appears to be very few generalizations one can make regarding the mitochondrial control region. For 
example, high mutation rates attributed to this area may in some lineages approach values equal to or 
even below those of protein-coding genes (Brown et al, 1986). In addition, certain groups (e.g., 
gallinaceous birds) may exhibit a higher percentage of transversions, as opposed to the high transition 
rate characteristic of mtDNA sequences (Desjardins and Morals, 1991; see below). The presence of 
possible protein-coding regions (open reading frames) within the control regions of cetaceans 
(Hoelzel et al., 1991) further indicates that the function, structure and evolution of the D-loop are still 
far from understood. 
Ribosomal genes: 12S and 16S rRNA 
The mitochondrial ribosome is composed of a small and large subunit, encoded by the 12S 
and 16S rRNA genes, respectively. Both ribosomal genes form a complex secondary structure 
composed of a series of stem-and-loops. These enable the subunits to bind to nuclear encoded 
proteins, thus forming the mitochondrial ribosome. The ribosome is essential in the synthesis of 
mitochondrial proteins and hence is more sensitive to mutations. Consequently, ribosomal genes 
evolve at a slower rate than protein-coding genes and, in addition to tRNAs, are the most conserved 
regions of the mitochondrial genome (Brown, 1983; Hwang and Kim, 1999). Given their estimated 
substitution rate for these genes in various metazoan taxa, Mindell and Honeycutt (1990) suggest that 
ribosomal genes may be useful for resolving divergences as old as 300 mya, although they believe 
150 mya to be a more suitable timeframe. Hillis and Dixon (1991), however, take a much more 
conservative view and state that mitochondrial ribosomal genes are only appropriate for resolving 
lineages that split during the Cenozoic (< 65 mya). 
However, differences in the evolution of 12S rRNA and 16S rRNA impact on their utility as 
evolutionary chronometers. For example, studies in certain mammals suggest that 12S rRNA evolves 
slower than 16S rRNA (Cantatore and Saccone, 1987; Hwang and Kim, 1999). Given the variation in 
substitution rate, Hwang and Kim (1999) suggest that the highly conserved 12S rRNA gene may be 
useful for resolving relationships as deep as the origin of phyla, whereas 16S rRNA is more 
appropriate for resolving relationships at the taxonomic level of family or genus. 
The secondary structure of ribosomal genes has important implications in the evolution of 
this molecule, and its utility in phylogenetic studies. Many models of sequence evolution require that 
substitutions events are independent; this assumption is violated when substitutions in stem regions 
require additional compensatory changes in order to maintain base pairing (Page and Holmes, 1998). 
Given the necessity for complementary base pairing in stems, it is often shown that these regions 
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evolve at different rates than do loops. For example, Springer and Douzery (1996) found that, for 
certain mammals, substitutions involving transversions accrue three to four times faster in loops than 
in stems. They suggest that transversion substitutions that maintain base pairing in stems are rare 
and, as such, explain why transition substitutions are higher in these regions. Transition substitutions 
in loops also accumulate faster than in stems, presumably because of the relaxed constraints on 
secondary structure in loops, which are single-stranded. 
The difference in rates between stems and loops has lead to differential weighting schemes 
for these areas in phylogenetic analyses. However, Sullivan et al. (1995) suggest that simply dividing 
the molecule into stems and loops underestimates rate variation observed within ribosomal RNAs. 
Their analysis of 12S rRNA in rodents revealed extreme among-site rate variation within this gene, 
which could not be explained by simple consideration of stems versus loops. Indeed, substitution 
rates within both loops and stems was variable, as certain stem regions evolved faster than others. 
They suggest that, in addition to constraints imposed by secondary structure, interactions with 
nuclear-encoded proteins may also restrict certain portions of the molecule (Sullivan et al., 1995). 
Stem and loop regions of mitochondrial ribosomal genes also exhibit differences in base 
composition. Springer and Douzery (1996) examined the base composition of ,both mitochondrial 
ribosomal genes in mammals and found their results comparable to those of other metazoans. Loop 
regions were adenine-rich (48.5%), whereas in stems base frequencies were less biased, although a 
higher GC content was observed. It has been suggested that this pattern is related to the structure of 
the ribosome: a high percentage of adenine in loops may promote hydrophobic interactions with 
proteins (adenine is the least polar [hydrophilic] of the bases), while G-C bonds increases the stability 
of the stem structure (Springer and Douzery, 1996) 
Transfer RNA 
As in ribosomal genes, tRNAs are composed of paired stem and unpaired loop regions. 
However, the structure of tRNA is far less complicated than that of rRNAs: most of the secondary 
and tertiary base pair interactions in tRNAs have been elucidated .using techniques (such as X-ray 
crystallography) which have proved difficult in resolving the complex structures of ribosomal 
molecules (Springer and Douzery, 1996). The secondary structure of tRNA forms the classic "clover 
lead' including the anti-codon loop, which acts in codon recognition during translation. The L-shaped 
tertiary structure is dictated by the interactions between several nucleotides. Interactions that lead to 
tertiary structures of non-mitochondrial tRNAs are quite different from those of mitochondrial tRNAs 
and may influence the variation in evolutionary rates between these molecules (see below). 
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tRNAs are much shorter and less complex than rRNAs, and therefore contain less ambiguous 
sites when the sequences are manipulated and aligned for analysis. As in ribosomal. genes, tRNA 
genes evolve much more slowly than mitochondrial protein-coding genes. Thus their ease in 
alignment, combined with their slow evolutionary rate, may make tRNAs more suitable for analyses 
of deep divergences than their ribosomal counterparts, although individual tRNAs must be 
concatenated in order to provide a sufficient dataset (Kumazawa and Nishida, 1993). Studies have 
claimed that tRNA sequences were useful for resolving divergences of up to 600 mya (although 350 
mya may be a more conservative estimate based on saturation plots) and performed well in recovering 
phylogenies at both deep and shallow levels (Kumazawa and Nishida, 1993; Miya and Nishida, 
2000). As stated above, tRNA may also be useful in resolving deep Level phylogenies through 
examination of gene rearrangements that involve them. 
As with ribosomal genes, tRNAs exhibit variation in substitution rates, not only between 
stems and loops (stems are more conservative), but differences between individual loops and stems. 
For example, the anti-codon loop is practically invariable, whereas there is less requirement for strict 
Watson-Crick base pairing in stem regions of mitochondrial tRNAS; this also alleviates the need for 
immediate compensatory changes to maintain base pairing (Kumazawa and Nishida, 1993, 1995). In 
addition nucleotides necessary for tertiary interactions in non-mitochondrial tRNAs are free to vary in 
mitochondrial tRNAs. The relaxation in constraints on mitochondrial tRNAs may help explain the 
significant difference in evolutionary rates between mitochondrial and nuclear tRNAS: mitochondrial 
tRNAS evolve at a rate 100 times faster than their nuclear counterparts (Brown et al, 1982; 
Kumazawa and Nishida, 1993). 
The evolutionary constraints on individual tRNAs can also vary within the mitochondrial 
genome. Certain tRNAs appear to contain signal sequences required for processing polycistronic 
transcripts (Paabo et al., 1991), whereas tRNA-Cys forms part of the OL in most vertebrates. 
Protein-coding genes 
Rapid rates of evolution in mitochondrial genomes are due in large part to very high 
substitution rates in protein-coding genes (Brown and Simpson, 1982). The vast majority of these 
substitutions occur at silent sites (third base positions). For example, analysis of substitutions in COZ 
sequences of rats revealed that 94% of observed substitutions did not result in amino acid 
replacements; hence, strong selection against such mutations must exist in mitochondrial genomes 
(Brown and Simpson, 1982). 
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Hwang and Kim (1999) suggest that high rate of substitution at the third codon position in 
mitochondrial protein-coding genes makes this position useful for species- and population-level 
phylogenetic studies. The advantage of using protein-coding genes, rather than the D-loop, in such 
studies is that the former can be more easily aligned across taxa due to the necessity of keeping the 
sequence in-frame (Hwang and Kim, 1999). However, these analyses must take into account the fact 
that third codon positions in mitochondrial protein-coding genes are saturated (Irwin et al., 1991). 
Rapid mutation rates at synonymous sites within nucleotide sequences of protein-coding 
genes are often prohibitive to their use in resolving deep divergences, and Meyer (1994) suggests that 
nonsynonymous sites and amino acid sequences of protein-coding genes .may prove useful in this 
regard. Due to functional constraints, nonsynonymous sites (usually first and second base positions) 
and amino acid sequences of protein-coding genes are often slow to evolve, and (provided enough 
sites change) may therefore be useful in tracing ancient lineages (Meyer, 1994). However, certain 
codons, such as those for leucine, .may evolve rapidly, due to silent mutations at the first codon 
position. Leucine may also undergo frequent substitutions to other non-polar amino acids (especially 
leucine ~ isoleucine; leucine -~ valine) and for this reason may not be as reliable (Janke et al. 1994; 
Meyer, 1994). In addition, mitochondrial protein-coding genes may contain a strong bias for T and C 
at the second position that is directly correlated with the functional constraint of hydrophobicity 
(Naylor et al., 1995). Such bias may lead to rapid saturation rates at second codon positions; anti-G 
bias at the third position limits variability at this site and hence first positions (which do not possess 
strong base compositional biases) may prove to be the most informative (Naylor et al., 1995). 
However, amino acid replacement rates vary both among lineages and among genes. For 
example CO2 sequences of certain primates exhibit very high amino acid replacement rates, whereas 
CO1 and CO3 evolve at much slower rates in these species (Adkins et al., 1996; Wu et al., 2000). 
Elevated nonsynonymous substitution rates in these primates are also found in genes (such as CYTB 
and the nuclear encoded gene far cytochrome c) that interact with CO2, suggesting coevolution of 
these genes (Wu et al., 2000). Zardoya and Meyer (1996) found amino acid replacement rates in 
vertebrates varied considerably between genes: ND4L and ATP8, for example, exhibited faster amino 
acid substitution rates as compared to more conservative genes such as CO1 and CO3. 
The most commonly used mitochondrial protein-coding gene for phylogenetic analysis is 
CYTB. This was a favorite choice for phylogenetic studies in early studies, since universal primers 
were available for amplifying these genes from various taxa (Kocher et al., 1989; Irwin et al., 1991) 
and there existed extensive knowledge of both structure and function of this gene (Irwin et al., 1991; 
Whitmore et al., 1994). Indeed, CYTB (in addition to CO3; Griffiths, 1998) is one of the few 
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mitochondrial proteins in which evolution of sequences can be examined at both a structural and 
functional level. Such analyses found that different regions of CYTB evolved at different rates, with 
regions believed to be essential to its role in the respiratory chain constrained and evolving at very 
slow rates (Irwin et al., 1991; Yoder et al., 1996). Indeed, there was significant correlation between 
location and type of protein function and the degree of amino acid conservation (Yoder et al., 1996). 
As CYTB sequences were obtained from an increasing number of taxa, it became apparent 
that this gene could not be used to resolve all phylogenetic questions. Several factors were proposed 
as limiting the use of this gene as a molecular tool for every taxon sample at every taxonomic level: 
base compositional biases; variation in rates between different lineages; early saturation of third 
codon position; limited variation in amino acid substitutions; and associated first and second base 
positions per codon (Cantatore et al., 1994; Meyer, 1994). These criticisms hold for all protein-
coding genes; but not all individual protein-coding genes can be considered equal for the purposes of 
phylogenetic analysis. 
Several studies have examined the utility of individual mitochondrial protein-coding genes, 
which has led to the practice of ranking these genes based on their perceived ability to recover 
intuitively attractive (especially if in broad agreement with morphological studies) and/or strongly-
supported phylogenies (Russo et al., 1996; Zardoya and Meyer, 1996; Miya and Nishida, 2000; 
Shevchuk and Allard, 2001). There was consensus on the performance of certain genes: ND 1, ND4L, 
ND6, ATP6 and ATP8 were generally considered to be `poor' , whereas NDS and ND4 were found to 
be `good' , and CYTB was usually ranked in the middle. However, other mitochondrial protein-
coding genes were the source of disagreement: COI was regarded as `poor' by some studies (Cao et 
al., 1994; Zardoya et al, 1998), but `good' in others (Zardoya and Meyer, 1996; Miya and Nishida, 
2000); and CO2 has been ranked as either `poor' (Russo et al., 1996; Shevchuck and Allard, 2001) or 
`goad' (Miya and Nishida, 2000). In addition, the performance of these genes was also dependent on 
the choice of method (e.g., evolutionary model; amino acid versus nucleotide sequence), with genes 
placed in the `good' categories often fluctuating in their performance based on the method used (Cao 
et al., 1994; Honeycutt et al., 1995; Zardoya and Meyer, 1996; Naylor and Brown, 1997; 1998; 
Zardoya et al., 1998). Also, phylogenies based on individual genes often showed strong statistical 
support for implausible phylogenies (Cao et al. 1994; Zardoya and Meyer, 1996). This was also the 
case for combining individual genes into a larger dataset, which could also produce different 
phylogenies with different methods and/or recover unorthodox trees with strong bootstrap values 
(e.g., Russo et al., 1996; Naylor and Brawn, 1997). 
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Nevertheless, the approach of expanding the dataset in the hope that it will produce a better 
tree has been adopted by some studies (e.g., Cao et al., 1994; Russo et al., 1996; Zardoya and Meyer, 
1996). This approach is based on the statistical principle (the Law of Large Numbers) that as more 
independent trials are conducted, there will be a tendency for these trials to converge on the correct 
answer with greater frequency (Churchill et al., 1992; Mindell and Thacker, 1996). As a result, 
ambiguities in the dataset will either cancel out, or appear at such low frequencies that their overall 
effect will become negligible (Mindell and Thacker, 1996). This theory has been adapted to 
phylogenetic analyses to suggest that as more data are collected, phylogenetic noise (homoplasy) will 
cancel out and, as such, the `true' tree should be revealed (Churchill et al., 1992; Mindell and 
Thacker, 1996). 
However, two important assumption of this theory may not be met when using sequence data: 
the requirement of independence, and random distribution of error. For example, it is well known 
that functional and evolutionary constraints exist in both lineages and genes to varying degrees (see 
above). Such constraints indicate that individual nucleotide sites are not equivalent in their ability to 
change, and as such, cannot be regarded as independent characters. It is often unknown how such 
constraints impact phylogenetic reconstruction and hence there is no reason to assume that error 
(homoplasy) is randomly distributed, and will cancel out as more information is obtained (Mindell 
and Thacker, 1996; Naylor and Brown, 1998). Indeed, addition of more data with similar biases may 
actually obscure phylogenetic reconstructions, as the cumulative effects of homoplasy may overwrite 
the evolutionary signal (Mindell and Thacker, 1996; Naylor and Brown, 1998). In addition, methods 
used to estimate phylogeny (such as parsimony) may not obtain the correct tree as more data are 
acquired (Felsenstein, 1978; Huelsenbeck et al., 1996); and, even worse, may generate an incorrect 
phylogeny with high statistical support (Huelsenbeck et al, 1996; Naylor and Brown, 1998). 
Despite these concerns, the notion that more data will result in improved phylogenies has 
resulted in the sequencing of large numbers of mitochondrial genomes (Zardoya et al, 1998; Pollock 
et al., 2000; Miya et al., 2001, 2003). Mitochondrial genomes have been viewed by some as a 
panacea for solving phylogenetic problems for which morphological and/or paleontological evidence 
has yet to provide a clear answer. With regard to the resolution of interordinal relationships of 
mammals, it has been said: 
Progress will now be rapid, with mitochondrial DNAs from other vertebrates 
becoming available and other laboratories becoming involved in sequencing. After 
200 years of research, the main outline of the mammalian radiation should be 
resolved within the next~ve years. 
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Penny and Hasegawa (1997, p.550) 
Those five years have passed. However, mammal phylogenies based on mitochondrial 
genome sequences have raised more questions than answers (e.g., Amason et al., 1997). There are 
relationships that have strong morphological support (e.g., Rodentia+Lagomorpha Glade) that are not 
recovered from mitochondrial phylogenies, and relationships for which the opposite is true (e.g, 
Afrotheria). Indeed, for all vertebrate Glades, while phylogenies based on mitochondrial genomes 
have offered support for traditional phylogenies (e.g., Braun and Kimball, 2002; Paton et al., 2002), 
several analyses have recovered rather unorthodox relationships (e.g, Xu et al., 1996; Cao et al., 1998; 
Reyes et al., 1998; Rasmussen and Amason, 1999a,b; Takezaki and Gojobori, 1999; Miya and 
Nishida, 2000; Miya et al, 2001, 2003). For some researchers, faith in phylogenies based on whole 
mitochondrial genomes are so strong that the mitochondrial-based phylogenies have been used to 
question or even overturn traditional phylogenies based on sound morphological and/or 
paleontological evidence (Amason et al., 1997; Rasmussen and Amason, 1999a,b; Miya and Nishida, 
2000; Miya et al, 2001, 2003). For example, Rasmussen and Amason (1999a,b) recovered a topology 
in which cartilaginous fishes (Elasmobranchii) were nested within bony fishes (Osteichthyes). Based 
on this result, these authors state: 
~RJeevaluation of the morphological characters uniting the Chondrichthyes will be 
necessary. 
Rasmussen and Amason (1999a, p.2181) 
Although phylogenies based on mitochondrial genome sequences may yield strange results, it 
is believed that sequencing more genomes from more taxa will help resolve such discrepancies (e.g., 
Cao et al., 1998; Mindell and Thacker 1998; Pollock et al., 2000; Braun and Kimball, 2002; Miya et 
al., 2003). It has been suggested that as the taxon sample increases, the number of characters 
necessary to resolve phylogenies must also increase accordingly, as smaller datasets may not contain 
sufficient numbers of variable characters to resolve a large number of taxa (Graybeal, 1998.; Poe, 
1998). Analysis of entire mitochondrial genome sequences may provide the necessary number of 
characters required to analyze large numbers of taxa (Pollock et al., 2000; Miya et al., 2003). 
Addition of taxa may assist in improving phylogenetic analyses by improving both estimates of 
evolutionary model parameters (Sullivan et al, 1999; Pollock and Wilson, 2000; Zwickl and Hillis, 
2002) and ancestral state reconstruction (Cao et al., 1998; Pollock et al., 2000; Salisbury and Kim 
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2001). Examination of such estimates by greater taxon sampling may help enhance our 
understanding of the dynamics of molecular evolution (Pollock et al., 2000). 
The main rationale for inclusion of additional taxa in phylogenetic analyses, however, is its 
potential utility in alleviating the "long branch attraction" problem, as addition of taxa may help 
"break up" such long branches (Graybeal, 1998; Kim 1998; Poe, 1998; Rannalla et al., 1998). Long 
branch attraction occurs when taxa (such as those with rapid substitution rates) possess more 
characters in common by chance rather than by shared evolutionary history (Felsenstein, 1978). The 
effect of this accumulation of homoplastic sites is especially pronounced when taxa with long branch 
lengths (i.e., those with numerous substitutions) are drawn together based on this misleading signal; 
as branch length increases so does the probability that evolutionary signal will be overridden by 
homoplasy (Purvis and Quicke, 1997). Long branch attraction seems to be especially problematic for 
methods such as maximum parsimony (Felsenstein, 1978), which cannot distinguish the homoplasy in 
rapidly changing sites (Purvis and Quicke, 1997). 
It has been suggested that although the addition of taxa may assist in increasing the reliability 
of phylogenetic estimation, this process must be done judiciously, such as choosing taxa that break up 
long branches and which represent the group under investigation (Kim, 1996; Purvis and Quicke, 
1997; Graybeal, 1998; Hillis, 1998; Poe and Swofford, 1999). However, the choice of which taxa to 
add is not a simple one. For example, if the phylogeny of the group in question is unknown, how can 
one know which taxa are likely to break up long branches (Poe, 1998)? In addition, when examining 
highly speciose groups (e.g., > 23,500 species of teleosts; Miya et al, 2003), how can one decide 
which taxa accurately represent the diversity of the group being investigated {Pollock et al., 2002; 
Rosenberg and Kumar, 2003)? Furthermore, addition of taxa is no guarantee that phylogenies will 
improve. Indeed, the inclusion of taxa may simply compound the error by creating additional long 
branches, such as when added taxa themselves possess rapid evolutionary rates (Hillis, 1998; Kim 
1996; Poe, 1998). Finally, the choice of taxa intended to break up long lineages usually requires 
some acquaintance with the group being tested. Hence, although increased taxon sampling may 
improve phylogenetic estimations, choosing which taxa to add is not a simple procedure. 
Summary 
Variation in evolutionary rates of mitochondrial genome sequences may provide insight into 
a wide spectrum of evolutionary history, form deep level divergences (ribosomal and transfer RNAs) 
to population genetic studies (D-loop, third codon position of protein-coding genes). Evolutionary 
rates of mitochondrial protein-coding genes vary both among genes and among lineages. Efforts to 
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distinguish useful genes for phylogenetic analyses often resulted in inconsistent reconstructions, 
which were dependent on genes, methods and taxa included in analyses. Use of entire mitochondrial 
genome sequences combined with increased taxon sampling is believed to increase the accuracy of 
phylogenetic estimation. However, deciding which taxa to include in such analyses remains 
unresolved. 
In an effort to resolve ambiguities in lamniform systematics, an analysis of entire 
mitochondrial genome sequences was conducted. As all living taxa were included in this study, the 
question of which taxa to include did not arise. Lamniform sharks thus represent an ideal opportunity 
to test whether entire mitochondrial genome sequences combined with complete taxon sampling will 
lead to improved phylogenies. 
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CHAPTER FIVE: A PHYLOGENY OF LAMNIFORM SHARKS BASED ON WHOLE 
MITOCHONDRIAL GENOME SEQUENCES 
Abstract 
Mitochondrial genomes for all 15 species of lamniform sharks were sequenced. 
Mitochondrial sequences (individual genes and multigene datasets) were analyzed by a variety of 
methods (maximum parsimony, distance, maximum likelihood). Results of the current study found 
support for the same relationships as previous molecular studies, but were unable to resolve 
relationships further than in past analyses. As in previous molecular studies, the genus Alopias 
proved to be especially problematic; monophyly of this genus was rarely recovered, and never 
strongly supported. The polyphyly of Alopias is highly improbable on morphological grounds, and 
this result strongly indicates that further examination of the genes is required in order to determine an 
accurate phylogeny. Based on the current study of all living lamniforms, complete taxon sampling 
and larger datasets do not necessarily provide a better phylogeny. 
Introduction 
The order Lamniformes comprises I S living species of sharks organized into seven families. 
Sharks within this group include notorious predators, such as the great white shark (Carcharodon 
carcharias), harmless filter-feeders such as the basking shark (Cetorhinus maximus) and megamouth 
(Megachasma pelagios) and unusual deep-water sharks such as the goblin shark (Mitsukurina 
owstoni). In addition to filter-feeding, lamniform sharks display a variety of unique adaptations such 
as endothermy (Lamnidae and Alopiidae) and uterine cannibalism (Chapter One). 
The systematics of the order Lamniformes have yet to be exposed to a thorough anatomy-
based cladistic analysis; this makes it difficult to determine the evolutionary significance of 
morphological characters (Chapter Two). Also, with the possible exception of the odontaspidids, 
most extant lamniform taxa are highly autapomorphic, and this may obscure characters that could be 
used link individual taxa together (Compango, 1990b). Further, if modern lamniform species 
represent a small and non-representative sample of the past diversity of this group, this would further 
compound the difficulty of discerning relationships among extant lamniform taxa (Compagno, 1990b; 
Shirai, 1996; Chapter Three}. Lamniformes are common in the Cretaceous, but since then they have 
diminished in abundance, whereas other neoselachian orders (especially Carcharhiniformes) have 
increased in diversity. Also, typical of Chondrichthyes, most fossil lamniform taxa are represented 
solely by teeth, which prevents a greater knowledge of the morphology of fossil taxa that may be 
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intermediate between extant species (Gaudin, 1991). Unfortunately, the fossil record of lamniform 
sharks does little to help resolve the relationships of this group. 
Molecular studies, using nuclear and/or mitochondrial genes, have yet to clarify most of the 
relationships within the Lamniformes (Martin and Naylor, 1997; Morrissey et al., 1997; Naylor et al., 
1997; Martin et al., 2002; Martin and Burg, 2002; Lopez et al., MS; Chapter Two). Although a 
monophyletic Lamnidae is strongly supported in most analyses, these same analyses have yet to 
elucidate relationships within this family. Carcharias and Cetorhinus were frequently allied with the 
Lamnidae, although this was not always well-supported. The placement of Cetorhinus as the sister 
taxon to the Lamnidae is strongly supported by anatomical evidence (Compagno, 1990b}, whereas a 
close relationship between this Cetorhinus+Lamnidae Glade and Carcharias has no precedent in the 
morphological literature. An "AMP" Glade containing Alopias, Megachasma, Odontaspis and 
Pseudocarcharias was often recovered in this study, but relationships within this Glade have proved 
intractable. Curiously, Alopias and Odontaspis were not always recovered as monophyletic genera, 
although there is no basis to dispute the monophyly of these genera on morphological grounds. These 
molecular analyses also reached no consensus on the position of Mitsukurina as the basal lamniform 
taxon, as suggested by Compagno (1990b). 
It has been suggested that large molecular datasets, such as entire mitochondrial genome 
sequences, combined with increased taxon sampling, may help resolve controversial phylogenies 
(Cao et al., 1998; Mindell and Thacker, 1998; Miya et al., 2001, 2003; Braun and Kimball, 2002). As 
only 15 extant lamniform sharks are known, this group presents an excellent opportunity to test the 
hypothesis that complete taxon sampling combined with entire mitochondrial genome sequences will 
resolve phylogeny. 
Methods and Materials 
DNA extraction and PCR 
DNA was extracted from tissue using High Pure PCR Template Preparation Kit (Roche, 
Nutley, NJ). Three mitochondrial genes of lamniform sharks (CYTB, ND2, ND4) have previously 
been sequenced (Naylor et al., 1997; Lopez et al., MS) and are available in GENBANK. These three 
genes are distributed in such a way as to subdivide the genome into three separate, unequally-sized 
fragments: CYTB~ND2, ND2~ND4, and ND4~CYTB. Primer sequences were designed to 
amplify these three fragments, allowing at least 450bp of overlap necessary for assembly of the final 
genome sequence (see below). Primer sequences are shown in Table 5.1; successful primer 
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combinations are shown in Table 5.2. These three fragments were amplified by Polymerase Chain 
Reaction (PCR) using Takara LA Taq polymerase (Takaro Shuzo, Japan). 
Table 5.1. Primers used to amplify mitochondrial genomes for 15 lamniform species. 
Primer Sequence (5' ~ 3') 
16SFOR 1 L CGA GTA GCG GTG ACA AGC C 
16SREV 1 L CGC AAT CCT TTC TCA GAG TCC 
16SFOR2L CGC AAT CCT TTC TCA GAG TCC 
16SREV2L CAG ACT AGA AGT CAG TGG GAA CC 
ASNM AAC GCT TAG CTG TTA ATT AA 
C61211 H CTC CAG TCT TCB RCT TAC AAG 
CO 1 FOR 1 L CTA GTG CCC TTA ATA ATT GGT GC 
CO 1REV 1L AAA TTA AAG AGC CGA TAG AGG AG 
COIIFORIL TGA CTC CTA CAT AGT CCA GAC CC 
COIIREV 1 L TGG TCA GTT TCA GGG CTC G 
CYTBFORS CAA CTA TAA GAA TTT ATG GCC 
CYTBFOR6 CCG TAA TAT YCA YGC CAA CGG AGC 
CYTBFOR7 GGC TGA CTT ATC CGC AAC ATC CAC 
CYTBFOR8 CCG YAA YAT YCA TGC CAA CGG AGC 
CYTBFOR9 'CCG CAG ACA TYT CYA TAG CC 
CYTBREV6 TGG TTG TTC AAC TGG TTG KCC TCC 
CYTBREV7 ATG GYT GTT CAA CKG GYT GWC C 
GLUDG TGA CTT GAA RAA CCA YCG TTG 
GLYFORIL TTA CTT CAC AGC CCT CCA AGC 
ND4REV 1L ACA AGG AAG GCG ATG AGG C 
ILEM AAG GAC CAC TTT GAT AGA GT 
LEU-S CAT AAC TCT TGC TTG GAG TTG CAC CA 
ND2FOR8 CCG RGC RGT AGA AGC YTC CAC 
ND2FOR9 GCC ACA CTR GCY ACA ATC GC 
ND2REV6 CTG GGT TGC ATT CAG AAG ATG TGA GG 
ND2REV7 TCT GGG TTG CRT TCR GAR GAT GTG 
ND4FOR3 ACC AGT TCC ATC TGC TTA CGG C 
ND4FOR4 CCG AAC CAT ACT CCT AGC CCG A 
ND4FOR5 CGA ACW ATA CTW CTR GCY CGA GG 
ND4IFMT6 GAG AGA GGT CYG GGA CAC GAA GAY CTG CTA 
ND4REV3 TCG TAT CCC TGA CCT CTC TCG G 
ND4REV4 TCG TGT CCY KGA CCT CTC TCG 
ND4L TGA CTA CCA AAA GCT CAT GTA GAA GC 
NDSFOR 1 L GTC AGG GAC ACG AAG AAC TGC 
NDSREV 1L GGA TCA GAG TGT ATG TAT CAT AAG GC 
A touchdown PCR method was used. This began with an initial denaturation of 94°C for 6 
rains, and was followed by the touchdown phase, composed of 17 cycles of denaturation (98°C for 
20s), annealing (65-49°C for 30s; the annealing temperature was decreased by 1°C with each 
successive cycle), and extension (68°C for 15 rains). This touchdown phase was followed by 24 
cycles of denaturation (98°C for 20s), annealing (48°C for 30s), and extension (68°C for 8 rains). 
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This was followed by a final extension step of 72°C for 10 mins. Reaction mixtures were held at 4°C 
after completion of PCR. The aforementioned reaction was adjusted if the product was not "clean" 
(i.e., diffuse or multiple bands), or if there was no apparent product, by several methods, such as 
raising or lowering the range 'of annealing temperatures at which the touchdown phase occurred, or 
altering the number of cycles. 
Amplicons were observed by agarose geI electrophoresis (0.8-1.0% agarose in 1 xTAE). If 
undesirable bands could not be removed by altering the PCR program, the remaining reaction product 
was run on Low Melting Point (LMP) agarose (Amersham Pharmacia, Piscataway, NJ) and the 
desired amplicon was extracted from the gel using the ~3-Agarase I Extraction Kit (New England 
Biolabs, Beverly, MA). Amplicons were purified using MicroCon columns (Millipore, Amicon, 
Bellerica, MA), and DNA was quantified using fluorometry. 
DNA Sequencing I. DOE/JGI 
The majority of sequencing of mitochondrial genomes was performed by researchers at the 
Department of Energy Joint Genome Institute (DOE/JGI, Walnut Creek, CA) under the supervision of 
Dr J. Boore. The following is a brief overview. Complete protocols are available at 
http://www.jgi.doe.gov/Internal/prots_index.html. This protocol is designed for intact circular 
DNA, such as whole mitochondrial or microbial genomes, but was adapted to use mitochondrial 
fragments; this required: (1) the amount of DNA was at least 2µg; (2) the three fragments overlapped; 
and (3) the fragments were combined into equimolar amounts. The combined DNA fragments were 
mechanically sheared into blunt-ended inserts that were ligated into plasmid pUC 18 vector and 
transformed into competent E. coli. The plasmid DNA was then amplified for automated sequencing. 
DNA Sequencing II 
Sequences were edited and aligned in Vector NTI (InforMax, Nth Bethesda, MD) and 
BioEdit (© T. Hall, Dept. Microbiology, North Carolina State University, NC). The identity of 
ambiguous nucleotides was determined by visual inspections of chromatograms, viewed in 
Sequencher (Gene Codes, Ann Arbor, MI}. Although most of the genome was sequenced at 
JGUDOE using the above protocol, sequences provided by DOE/JGI sometimes had missing regions, 
or stretches of undetermined or ambiguous sequence. These "gaps" added up to approximately 3.Skb 
from across three species (A. superciliosius, C. taurus, L. ditropis), and were filled in using PCR with 
primers based on flanking sequence (Tables 5.1, 5.3). Amplicons were purified and quantitated as for 
above. Automated sequencing was performed at the Iowa State University DNA Sequencing and 
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Synthesis Facility, Ames, IA. Reactions were set up for dideoxy sequencing using the Prism BigDye 
Terminator Cycle Sequencing Ready Reaction I~it Version 3.1 with AmpliTaq DNA Polymerase, FS 
(Applied Biosystems, Foster City, CA), and electrophoresed on Prism 377 DNA Sequencer (Applied 
Biosystems). 
Table 5.2. Successful primer combinations used to amplify mitochondrial genomes for 15 lamniform 
species. 
Taxon &specimen # CYTB-~ ND2 NDZ-~ ND4 ND4 CYTB 






































































































Table 5.3. Gaps in genomic sequence filled in by individual PCR reactions. 
Species Location of gap Primers 
A. superciliosus NDS NDSFOR 1 L + NDSREV 1 L 
C. taurus 001 COIFORIL + COlREV1L 
C. taurus TRNA-Gly -~ ND4 GLYFOR 1 L + ND4REV 1 L 
L. ditropis 16S 16SFORIL + 16SREVIL 
L. ditropis 16S 16SFOR2L + 16SREV2L 
L. ditropis COII COIIFORIL + COIIREVIL 
120 
Genome annotation 
Nucleotide sequences were edited and aligned in Vector NTI and BioEdit, and were 
translated into amino acid sequences using Se-Al (© A. Rambaut, Dept. Zoology, University of 
Oxford, UK}. Nucleotide sequences of lamniform mitochondria maintained the same gene order as 
other shark mitochondria deposited in GENBANK (Mustelus mana.zo, Heterodontus francisci). 
Hence, annotation of lamniform genomes was accomplished by comparison with these genomes; 
annotations for mitochondrial genomes of all 15 lamniform sharks are listed in the Appendix in 
GENBANK format. 
Sequence alignment and outgroup taxa 
Only a limited number of entire mitochondrial genome sequences of sharks are available in 
GENBANK. Two taxa were nominated as ougroups: H. francisci (Heterodontiformes; aputative 
basal galeomorph; Chapter Two) and M. manazo (Carcharhiniformes, the Glade widely regarded as 
the sister taxon to Lamniformes; Chapter Two). As mentioned above, lamniform sequences were 
fairly conserved when compared to outgroup taxa; however, several ambiguous sites were removed 
from the analyses. The "whole genome" datasets for each species consisted of all individual genes 
aligned end-to-end; the total number of characters for the entire genome combined in this manner was 
16,672 base pairs. 
Phylogenetic Analysis 
Mitochondrial genes (16 total) were examined individually (with . the exception of the 22 
tRNAs, which were combined into a single dataset) using nucleotide sequences and (for protein-
coding genes only) amino acid sequences. Datasets were combined in three ways: (1) nucleotide 
sequences for the whole genome sequence (see above); (2) combined nucleotide sequence for all 
protein-coding genes; and (3) combined amino acid sequence for all-protein coding genes. In 
addition, homogeneity between different protein-coding genes was examined using the Incongruence 
Length Difference (ILD) test (Farris et ai., 1995) as implemented in PAUP v. 4.0 (Swofford, 1996). 
Protein-coding genes were also examined using DRUIDS (Fedrigo et al. MS), a program designed to 
identify regions in multiple alignments that exhibit statistically significant deviation from stationarity 
(DFS) for various biochemical properties. DFS for two parameters believed to impact on 
phylogenetic analyses (hydrophobicity and volume; Fedrigo et al., MS), were calculated for 
individual protein-coding genes. Regions in which both parameters displayed significant DFS 
(F%=10) were recorded and used in analyses of both individual and combined protein coding genes. 
121 
For each set of both individual and combined genes (20 total), several standard phylogenetic 
analyses (i.e., maximum parsimony [MP], maximum likelihood [ML], and distance optimality 
criteria) were conducted using PAUP v.4.0; amino acid sequences, however, were only examined 
using maximum parsimony. Protein-coding genes of lamniform sharks are known to exhibit extreme 
homoplasy of transitions relative to transversions, especially at the third codon position (Martin and 
Naylor, 1997; Lopez et al., MS); this factor was therefore considered in phylogenetic analyses. Five 
different analyses using MP with a heuristic search strategy were conducted: two for all genes 
(unweighted nucleotide sequences; transversion substitutions only), and three for protein-coding 
genes only (unweighted amino acid sequences; nucleotide sequences without third codon position; 
deletions of regions with significant DFS). The settings for likelihood analyses were determined with 
Modeltest (v.3.0; Posada and Crandall, 1998), which uses likelihood ratio tests to choose among 
commonly used substitution models that best fit the data. ANeighbor-Joining clustering analysis 
(NJ) was conducted using five standard models of sequence evolution (Jukes Cantor; Kimura's two 
parameter model; Felsenstein [ 1981]; Hasegawa, Kishino and Yano [ 1985]; General reversible 
model), and the suggested settings determined by Modeltest. All trees generated using MP and 
distance criteria were bootstrapped. 
Criteria for evaluating trees 
As relationships among lamniform sharks are largely unresolved, two criteria were used to 
evaluate trees: morphological evidence and consistency. Morphological evidence strongly supports 
the monophyly of the Lamnidae, and of all non-monotypic genera in the order (Lamna, Isurus, 
Alopias, Odontaspis); hence, these clades should be recovered with strong bootstrap support. The use 
of clades with strong morphological support as phylogenetic approximators has been suggested by 
Miyamoto (1994). In addition, the same datasets exposed to different analyses (e.g., nucleotides 
versus amino acids) should yield the same (consistent) results. 
Results 
Composition of lamniform genomes 
In general, the arrangement of genes in lamniform sharks was similar to that of M. mana,zo 
and H. franscisci. However, three species have an insert between tRNA-Thr and tRNA-Pro: A. 
superciliosus (36bp), C. taurus (35bp) and M. owstoni (1058bp; see Chapter Six). C. carcharodon 
has an insert (40bp) inside the D-loop. There was slight variation in the size of lamniform 
mitochondrial genomes (Appendix). 
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Incongruence Length Difference test 
The results of the ILD test (Table 5.4) suggest that-not all mitochondrial genes of lamniform 
sharks are combinable. Previous analyses reported that ND6 was incongruent with other 
mitochondrial genes based on results of ILD tests (Shevchuk and Allard, 2001). This result was 
explained by the fact that the light strand and heavy strand of mitochondrial DNA possess different 
base compositions: the light strand is very low G, and therefore the heavy strand is very low C (Cao 
et al., 1994; Janke et al., 1994; Shevchuk and Allard, 2001). However, the ILD results showed that 
ND6 was not the only gene that is incongruent. This is in contrast to the assumption that, since all 
mitochondrial genes are physically linked, genes within the genome should have the same 
evolutionary history because mitochondrial genomes do not recombine (e.g., Sullivan et al., 1995; 
Yoder et al., 1996). A subset comprised of seven genes (CYTB, ND3, ATP8; ATP6, ND4L, CO2, 
CO3) was selected based upon the results of the ILD test; these genes were combined based on strong 
statistical support (p-values > 0.05). Using only combinable genes, the expected relationships of a 
monophyletic Lamnidae and Cetorhinus+Lamnidae were usually recovered; but standard distance 
analyses did not recover Carcharias as the sister taxon to the latter Glade. Using the ILD dataset, 
there was discordance among methods over whether Lamna or Carcharodon was the sister taxon to 
Isurus. A monophyletic Odontaspis was recovered (but not well-supported), but never a 
monophyletic Alopias. AMOP (unresolved) and an A. vulpinus + A. pelagicus Glade were usually 
well-supported. 
Phylogenetic analyses 
Table 5.5 outlines the mitochondrial datasets used in this study. Table 5.6 shows the results 
of lamniform mitochondrial datasets as analyzed by various methods; these results are summarized 
below. 
Whole genome 
Table 5.7 shows the sequence divergence between individual shark taxa for aligned 
nucleotide sequences for the whole genome. Using the whole genome, most methods of analysis 
found strong support for the following Glades: Lamnidae; Lamna; Isurus; Lamna+Isurus; 
Cetorhinus+Lamnidae; Carcharias + (Cetorhinus+Lamnidae); Odontaspis; and AMOP. However, 
two topologies for Mitukurina were recovered (basal to other lamniforms; sister taxon to AMOP} 
depending upon the method used. Further, relationships within AMOP were unresolved, and Alopias 
was rarely recovered as monophyletic (and monophyly was never well-supported). The same lack of 
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resolution observed for these taxa is exhibited by analyses of individual genes, and demonstrates that 
adding more data does not automatically generate a `better' tree. Certain of the trees resulting from 
whole genome datasets are shown in Figs. 5.1-5.5. 
Table 5.4. Results of the Incongruence Length Difference test. Numbers in the table represent p-
values, those bold indicate p-values greater than 0.05. 
ATP8 CYTB CO1 CO2 CO3 ND1 ND2 ND3 ND4 ND4L NDS ND6 
ATP6 0.87 0.73 0.34 0.46 0.44 0.10 0.04 0.41 0.23 0.24 0.13 0.01 
ATP8 0.62 0.87 0.31 0.42 0.27 0.07 0.68 0.27 0.58 0.35 0.01 
CYTB 0.83 0.32 0.28 0.42 0.01 0.85 0.51 0.38 0.34 0.01 
CO1 0.74 0.95 0.28 0.39 0.85 0.44 0.68 0.62 0.01 
CO2 0.46 0.01 0.01 0.27 0.07 0.11 0.02 0.01 
CO3 0.04 0.04 0.95 0.11 0.65 0.16 0.01 
ND1 0.01 0.46 0.11 0.13 0.04 0.01 
ND2 0.14 0.01 0.12 0.06 0.01 
ND3 0.46 0.80 0.36 0.02 
ND4 0.30 0.39 0.01 
ND4L 0.62 0.01 
NDS 0.01 
Protein-coding genes 
Table 5.8 shows the sequence divergence between individual shark taxa for both nucleotide 
and amino acid sequences for combined protein-coding genes. Combining all mitochondrial protein-
coding genes into a single dataset produced similar results to the whole genome dataset. Notable 
exceptions include: Lamna+Isurus was no longer well-supported (and some methods failed to recover 
this Glade); and a monophyletic Alopias was recovered in more analyses {though, again, this was 
never well-supported). Using amino acid sequences instead of nucleotides did not improve the 
resolution of any tree, even for this large dataset (Fig. 5.6). 
NDS, ND4, and CYTB have been described as `good' genes for phylogenetic analysis (Russo 
et al., 1996; Zardoya and Meyer, 1996; Zardoya et al., 1998; Miya and Nishida, 2000). However, 
NDS did not always recover a monophyletic Lamnidae, nor a Cetorhinus+Lamnidae Glade, using 
parsimony analyses -unlike the majority of other genes, or combined datasets. NDS was also unable 
to resolve relationships within Lamnidae or AMOP. Neither NDS nor ND4 could clearly resolve the 
position of Mitsukurina. ND4 usually recovered swell-supported Lamnidae, and the distance 
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analyses recovered awell-supported Isurus+Carcharodon Glade (contra the Lamna+Isurus Glade 
recovered by using the whole genome dataset; see above). Certain methods recovered a 
monophyletic Alopias for CYTB, ND4, and NDS; but this collapsed upon bootstrapping. Distance 
analyses of ND4 and NDS found strong support for a monophyletic Odontaspis; this was not the case 
for any other individual gene. 
Ribosomal and transfer RNA genes 
Most methods that used ribosomal and transfer RNAs showed strong support for 
monophyletic Lamnidae, Lamna, and Isurus. Lamna+Isurus was frequently recovered using these 
genes, although this result depended upon the method used. Most distance methods far 12S and 16S 
recovered a monophyletic Odontaspis; in contrast, only distance methods for 12S recovered a 
monophyletic Alopias (although this result was not upheld in bootstrap analyses). A monophyletic 
Alopias was never recovered using 16S. Distance methods for 12S and 16S differed in the placement 
of Mitsukurina: 12S recovered a Mitsukurina +Carcharias Glade at the base of the Lamniformes 
(except when Modeltest settings were used, in which case this Glade was placed at the base of the 
Lamnidae; Fig. 5.7); while 16S placed Mitsukurina either as the sister taxon to all other lamniforms 
or at the base of the AMOP Glade. However, all of these Glades collapsed upon bootstrapping. The 
combined tRNA gene dataset rarely recovered Odontaspis as monophyletic; never recovered Alopias 
as monophyletic; and was inconsistent with regard to the position of Mitsukurina. 12S and combined 
tRNA genes have been suggested as useful for resolving deep divergences (Chapter Four); but in the 
current study, only distance methods for 12S recovered Mitsukurina and Carcharias as basal sister 
taxa in Lamniformes, a position tentatively suggested by Compagno (1990b). Indeed, trees generated 
using 12S and standard distance methods were the most consistent with morphological evidence, as 
all genera were found to be monophyletic. 
D-loop 
Analysis of the D-loop showed strong support for Lamnidae, Lamna, and Isurus; 
Lamna+Isurus was recovered in all methods of analysis except ML. A Cetorhinus+Lamnidae Glade, 
with Carcharias as the sister taxon to this Glade was also strongly supported. Although the 
monophyly of Odontaspis was frequently recovered, this Glade was never supported by bootstrap. A 
monophyletic Alopias was never recovered. The majority of analyses placed 1V~itsukurina as the sister 
taxon to the AMOP Glade, often with high bootstrap support. 
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Phylogenetic relationships in the order Lamniformes 
Lamnidae 
The analyses in this study consistently upheld a monophyletic Lamnidae, usually with strong 
bootstrap support (>79 %) for most analyses, and for most datasets. The monophyly of both Lamna 
and Isurus was also strongly supported. Analyses disagreed over whether Carcharodon is closer to 
Isurus or to Lamna, or the sister taxon to an Isurus+Lamna Glade. 
Cetorhinus+Lamnidae 
A sister taxon relationship between Cetorhinus and Lamnidae Glade was strongly supported 
in large datasets, but results were variable in other analyses, and depended upon both the gene and the 
method employed. A Cetorhinus+Lamnidae Glade is well-founded morphologically (Compagno, 
1990b, 2001; Shirai, 1996; Chapter Two). 
Carcharias and Odontaspis 
Carcharias was often recovered as the sister taxon to a Cetorhinus+Lamnidae Glade. This 
position for Carcharias has no precedent in morphological studies (see Discussion}. Alternative 
topologies for Carcharias were recovered in a minority of analyses, but these were never well-
supported (e.g., Carcharias as sister taxon to all other lamniforms; Carcharias+Cetorhinus as sister 
taxon to Lamnidae). There was no support for a monophyletic Odontaspididae 
(Carcharias+Odontaspis): this relationship was never recovered. The monophyly of the genus 
Odontaspis was largely dependent upon both the method and the dataset used, and was rarely 
supported by bootstrap. 
Mitsukurina 
The current study was unable to resolve the position of Mitsukurina. The majority of 
analyses, however, indicated that Mitsukurina is either the basal outgroup to all other lamniforms or 
the sister taxon to the AMOP Glade. One alternative topology was Mitsukurina nested within AMOP; 
but this was rare and never well-supported (Table 5.5). Another topology, also rarely recovered and 
never well-supported, was a Mituukurina+Carcharias Glade. This relationship was found using 
distance criteria for three genes: 12S, ND4L, and CO2. Although the position of this Glade was 




An AMOP Glade was frequently recovered in this study, although the bootstrap support for 
this Glade was variable. The AMOP Glade is a feature of previous molecular studies (Martin and 
Naylor, 1997; Naylor et al., 1997; Martin et al., 2002; Martin and Burg, 2002; Lopez et al., MS}. 
Relationships within AMOP, as in previous molecular studies, were unresolved, with Alopias 
frequently recovered as polyphyletic. Mitochondrial analyses found no support for a 
Cetorhinus+Megachasma Glade. A Megachasma+Pseudocarcharias Glade was occasionally reported, 
but this was usually not strongly supported by bootstrap. 
Discussion 
The results of this study indicate that using the entire mitochondrial genome of all extant 
lamniform taxa does not improve the resolution of relationships within this group. Indeed, results 
obtained from individual genes and multigene datasets (including all mitochondrial genes) continue 
to recover the same topologies as previous analyses based on smaller datasets and/or fewer taxa 
(Martin and Naylor, 1997; Naylor et al., 1997; Martin and Burg, 2002; Martin et al., 2002; Lopez et 
al., MS; Chapter Three). As in previous molecular studies, the five lamnid species were found to 
comprise astrongly-supported Glade (Lamnidae); however, relationships within Lamnidae still remain 
unresolved. Also, the current study found frequent support for Cetorhinus as sister taxon to 
Lamnidae, and Carcharias as sister taxon to this Cetorhinus+Lamnidae Glade. These topologies, 
although strongly supported for multigene datasets, were sensitive to the method and dataset used. As 
in previous studies, AMOP was frequently recovered, but this seven-species cluster could not be 
resolved, even with whole mitochondrial datasets. The position of Mitsukurina fluctuated, but almost 
always remained close to the base of the lamniform tree; but expanded datasets did not cement its 
position at the base of the Lamniformes, a position suggested by Compagno (1990b). 
The Lamniformes include four extant genera that contain more than one species. Lamna and 
Isurus were each strongly supported as Glades for almost all methods and datasets; but this did not 
hold for Odontaspis and Alopias. The three species of Alopias never formed a Glade with bootstrap 
support (>65%), irrespective of the choice of dataset or method. Thus, expanded multigene datasets 
and use of all lamniform taxa did not overcome the problem encountered by previous analyses with 
smaller datasets and/or fewer taxa: failure to recover a monophyletic Alopias. 
It has been suggested that maximum parsimony may converge on an incorrect phylogeny 
with high statistical support as more data are examined (Felsenstein, 1978; Huelsenbeck et al., 1996; 
Naylor and Brown, 1998). However, this was not apparent in the current study. For example, 
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although astrongly-supported monophyletic Alopias proved elusive, alternative arrangements that 
included a polyphyletic Alopias were not strongly supported by bootstrap analysis. 
Reconciling mitochondrial and morphological data 
The inability to resolve relationships within the Lamnidae mirrors the difficulty in resolving 
relationships within AMOP. The Odontaspididae invariably emerged as polyphyletic; but this family 
was not regarded as monophyletic by Compagno (1990b), since the characters shared by Carcharias 
and Odontaspis are probably symplesiomorphic. Having Carcharias on the line leading to lamnids 
has yet to be proposed by morphological studies, and no synapomorphies have been reported that 
unite Carcharias with Cetorhinus and lamnids. Thus, the current study does not advocate erecting a 
Carcharias-Cetorhinus-Lamnidae Glade based on the results of the mitochondrial analyses. However, 
considering the plesiomorphic morphology of Carcharias, combined with the paucity (lack?) of 
autapomorphies in this taxon (Compagno, 1990b), there appears to be no strong evidence to preclude 
such a relationship at the current time. Also, teeth referred to Carcharias have been reported from the 
Early Cretaceous, long before the appearance of the first undisputed cetorhinids and lamnids 
(Paleocene; Chapter Three). 
There was no support for close affinities between Alopias and lamnids and/or Cetorhinus as 
proposed by some studies (Cappetta, 1987; Compagno, 1990b; Shirai, 1996; Shimada, 1999). The 
existence of an AMOP Glade requires that the plesodic fin evolved at least twice in Lamniformes, as 
previously suggested (De Carvalho, 1996; Morrissey et al., 1997; contra Compagno, 1990b). There 
was no support for referring Megachasma to the Cetorhinidae, thus supporting the hypothesis that 
filter-feeding evolved independently in Megachasma and Cetorhinus (Taylor et al., 1983; Compagno, 
1990b; Martin and Naylor, 1997; contra Maisey, 1985). Compagno's (1990b) view that the filtration 
apparatus of Megachasma evolved from an odontaspidid morphology is also consistent with the 
current molecular study. The current study also finds no support for Megachasma as the basal 
lamniform taxon (contra Taylor et al., 1983; Morrissey et al., 1997). 
Based on morphology, the monophyly of Alopias is undisputed. However, monophyletic 
Alopias was rarely recovered by any method of analysis, and when recovered, it was never strongly 
supported. The same can be said for an A. pelagicus + A. superciliosus Glade, which also has strong 
morphological support; by contrast, an A. vulpinus + A. pelagicus Glade was frequently recovered and 
strongly supported by the molecular analyses in the current study. The monophyly of the genus 
Alopias, and the validity of an A. pelagicus + A. superciliosus Glade, should not be questioned in light 
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of these results. Instead, the instability within AMOP, and the inability to recover astrongly-
supported monophyletic Alopias, suggests that the dataset requires further examination. 
Mitsukurina was recovered either at the base of the entire Lamniformes, or as sister taxon to 
AMOP. In either case, this is congruent with Compagno's (1990b) interpretation that Mitsukurina 
lies close to the base of the Lamniformes. Also, fossil evidence suggests that mitsukurinids evolved 
early in the Cretaceous, with forms very similar to Mitsukurina known from the Late Cretaceous 
(Santonian; Chapter Three). Compagno (1990b) also regarded Carcharias as the next outgroup in the 
Lamniformes, although allowing for the possibility that Mitsukurina and Carcharias may form a 
Glade at the base of the Lamniformes. The latter hypothesis has little support in the current analyses. 
Problems in phylogenetic analysis 
The overall topology recovered for Lamniformes was strongly dependent on several factors: 
(1) dataset (i.e., genes or combination of genes); (2) manipulation of the dataset (e.g., nucleotides 
versus amino acids; transversion substitutions only; removal of sites with DFS); (3) optimality criteria 
chosen (MP; distance; ML). These results are not unique to lamniform sharks, as previous 
phylogenies ,that examined other taxa (Vertebrata; Tetrapoda; Teleostii) were also sensitive to these 
factors (Russo et al., 1996; Naylor and Brown, 1997; Zardoya and Meyer, 1998; Cao et al., 1998; 
Miya and Nishida, 2000). The majority of these studies suggest that these problems can be overcome 
by the analysis of more data (especially whole mitochondrial genomes) and/or adding more taxa. 
However, this approach was not successful for Lamniformes, as demonstrated by the current study. 
An alternative approach to this problem is that improvement of phylogenetic reconstruction 
will only come about by an assessment of the evolutionary process at individual sites (e.g., Naylor 
and Brown, 1997; Pollock and Bruno, 2000). This "quality versus quantity" approach is worth 
investigating for lamniform phylogeny, as incorporating all lamniform taxa and all mitochondrial 
genes did not resolve relationships within this order. In the current study, results were also not 
improved by previously suggested methods, such as: using settings suggested by Modeltest (Posada 
and Crandall, 1998); combining data suggested by ILD (Farris et al., 1995); or only using 
transversion substitutions (Braun and Kimball, 2001). Also, simply deleting regions that deviate from 
stationarity did not provide a solution. When mitochondrial genes fail to produce a good tree, it has 
been suggested that nuclear genes should be examined (Springer et al., 2001); but RAG-1, a common 
nuclear gene for phylogenetic analysis, was also unable to resolve lamniform phylogeny (Lopez et al., 
MS). As none of the aforementioned methods provided a simple solution, alternative methods are 
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required. Therefore, for lamniforms as well as for other groups, examination of individual genes and 
their inherent properties may be more productive than simply compiling more expansive datasets. 
Certain phylogenetic studies have regarded a tree based on whole mitochondrial genomes as 
the `true' tree, especially when the recovered topologies receive strong bootstrap support (e.g., 
Rasmussen and Arnason, 1999a,b; Miya et al., 2001, 2003). These studies argued that the resulting 
phylogenies could be used to dispute or overturn traditional morphology-based phylogenies, even 
those that have very strong support. One example is the teleost phylogeny of Miya et al. (2003), 
which included 100 complete mitochondrial genomes representing 75 families. This study broke up 
some teleost orders that were well-supported morphologically, and was used to advocate novel 
interordinal relationships that had no morphological support. Thus, Miya et al. (2003) regarded 
unorthodox relationships above the level of family as `true' ; since the constituent genera were 
recovered as monophyletic, this study did not question the validity of higher-level Glades. 
For the current study, the inability to recover astrongly-supported monophyletic Alopias 
using expanded mitochondrial datasets suggests that mitochondrial genomes cannot always be 
assumed to generate the `true' tree. Further, as discussed above, more data and taxa do not resolve 
this problem. Nevertheless, expanding the number of taxa might provide one potential benefit: 
sampling more species per genus offers the potential of uncovering problems in the phylogeny. For 
example, an analysis of whole mitochondrial genome sequences in Lamniformes recovered a strongly 
supported A. pelagicus + A. vulpinus Glade. Thus, if A. superciliosus was omitted from the analysis, 
the result would be a tree that contained a monophyletic Alopias with strong statistical support. As 
the O. ferox + O. noronhai Glade was also recovered with strong bootstrap support, such a tree would 
be intuitively attractive, and could be promoted as the `true' tree. Miya et al. (2003) included no 
more than two species per teleost genus; most genera were represented by only one species in the 
analysis. If Miya et al. (2003) had added more congeneric species to this analysis, the resulting 
phylogenies would perhaps split up well-supported genera, thus revealing that phylogenies based on 
entire mitochondrial genome sequences contain flaws. Continued sequencing of mitochondrial 
genomes from such taxa may hence destroy the illusion that phylogenies based on large datasets are 
always correct; perhaps then our efforts may be directed at more appropriate alternative approaches, 
such as understanding the fundamental dynamics of evolution at the DNA level. 
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Table 5.5. Summary of results of phylogenetic analysis using maximum parsimony for unweighted, 










Tree Length Retention 
Index 
Whole Genome 16672 9883 4830 19700 0.387 
All protein-coding genes 11436 6452 3736 15645 0.365 
All tRNAs 1556 1080 259 949 0.434 
12S rRNA 936 684 115 510 0.433 
16S rRNA 1690 1224 281 1063 0.458 
D-Loop 1054 443 417 1536 0.522 
ATP6 684 365 232 988 0.371 
ATP8 168 78 57 221 0.492 
CYTB 1146 624 397 1632 0.358 
ND1 978 550 325 1326 0.386 
ND2 1047 544 361 1495 0.415 
ND3 351 194 127 476 0.391 
ND4 1380 740 472 1970 0.386 
ND4L 297 153 111 432 0.411 
NDS 1830 992 625 2731 0.355 
ND6 522 258 185 789 0.360 
CO1 1557 995 437 1821 0.391 
CO2 690 452 182 674 0.384 
CO3 786 505 215 845 0.402 
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Table 5.6. Results of phylogenetic analyses used to test relationships within the Lamniformes. 
Relationships that have strong morphological support (Compagno, 1990b) are underlined. 
AMOP=Glade comprising Alopias, Megachasma, Odontaspis and Pseudoearcharias (genera and 
species in any topology). Analyses carried out were as follows: MP (unweighted}; AA (MP, 
unweighted amino acid sequences); W3 (MP, without third codon position); TV (MP, transversion 
substitutions only); DFS (MP, minus DFS); JC (Jukes-Cantor); K2P (Kimura's two parameter 
model); F81 (Felsenstein, 1981); HKY (Hasegawa, Kishino and Yano, 1985); GTR (general 
reversible model); MTP (neighbor joining with Modeltest settings); and ML (maximum likelihood, 
with Modeltest settings). Bootstrap analyses were carried out for all trees except ML. AA, W3 and 
DFS were limited to protein-coding genes; W3 for whole genome only applies to the third codon 
position in protein-coding genes. *denotes > 79% bootstrap support 









TV *, DFS * 
JC*, K2P* 




T V *, DFS * 
JC*, K2P*, 




TV *, DFS * 
JC*, K2P* 
F81 *, HKY* 
GTR*, 
MTP*, ML 











DFS * JC * 






DFS *, JC * 











AA, W3, TV 
MTP*, ML 
MP, DFS, JC 
K2P, F81 
HKY, GTR 
ILD MP*, W3* 
AA*, TV* 
DFS *, JC * 






DFS *, JC* 




MP, W3, TV 
DFS*, JC* 










tRNAs MP*, TV 
JC*, K2P* 


















ATP6 MP*, AA 
W3, TV* 
DFS *, JC * 











TV, JC, K2P 
F81, HKY 
GTR, ML 
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DFS *, JC * 
K2P*, F81 * 
HKY * 
GTR 
MTP *, ML 





JC, K2P, F81 
HKY, GTR 




CO1 MP*, AA 
W3*, TV* 
DFS*, JC* 
K2P*, F81 * 
HKY* 
GTR* 

















F81 *, HKY* 
GTR*, MTP 
CO2 MP*, TV, 
DFS *, JC * 





W 3 *, T V 





JC, K2P, F81 
HKY, GTR 
W3 JC, K2P, F81 
HKY, GTR 
CO3 MP*, AA 
W3*, TV* 
DFS*, JC* 







K2P*, F81 * 
HKY* 
GTR*, ML 
MP, AA, W3 
TV, DFS 
JC*, K2P* 









CYTB MP*, W3 
AA, TV* 
DFS*, JC* 
K2P*, F81 * 
HKY* 
GTR* 














MP, W3, TV 
JC*, K2P* 




ND1 MP*, AA* 
W3*, TV* 
DFS, JC * 






DFS *, JC * 















ND2 P*, AA 
W3*, TV* 
DFS *, JC * 






DFS *, JC * 






JC *, K2P * 
F81 *, HKY* 
GTR 
MTP*, ML 
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Isurus Glade Glade Glade ______ 
ND3 MP *, W 3 
TV, DFS 
JC*, K2P* 
F81 *, HKY * 
GTR* 
MTP*, ML 
MP, W 3, T V 
DFS, JC* 






F81 *, HKY* 
GTR * 
MTP*, ML 
ML MP, DFS 































ND4L MP, AA, W3 











F81 *, HKY* 
GTR 
MTP*, ML 




ND5 W3, TV 
DFS, JC* 






















ND6 MP*, AA 
W3, TV* 
DFS*, JC* 























12S MP*, TV 
JC*, K2P* 
F81 *, HKY* 
GTR * 
MTP *, ML 
MP*, TV 
JC*, K2P* 
F81 *, HKY* 
GTR * 
MTP *, ML 
MP, JC* 
K2P*, F81 * 
HKY* 
GTR 
MTP *, ML 
MTP, ML JC, K2P 
F81, HKY 
GTR 
16S MP*, TV* 
JC*, K2P* 














MP, JC, F81 
HKY, GTR 
MTP, ML 
D-loop MP*, TV* 
JC*, K2P* 










F81 *, HKY * 
GTR *, MTP 
ML 
ML MP, TV, 
JC*, K2P* 
F81 *, HKY 
GTR *, MTP 
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TV *, DFS * 
JC*, K2P* 




TV *, DFS * 
JC*, K2P* 




TV *, DFS * 
JC*, K2P* 




F81 *, HKY* 
GTR* 
MP*, W3* 






AA *, TV * 
DFS, JC* 




TV *, DFS * 
JC*, K2P* 




TV *, DFS * 
JC*, K2P* 




K2P*, F81 * 
HKY*, GTR* 
MP*, W3 
TV *, DFS 
MTP*, ML 
ILD MP*, AA, TV 
DFS, JC 
F81 *, K2P 
HKY, GTR 
MTP*, ML 





F81 *, K2P* 
HKY*, GTR* 
MTP, ML 
JC*, F81 * 
K2P*, HKY* 
GTR* 







JC, K2P, F$1 
HKY, GTR 
MTP 
MP, ML MP, TV, JC* 






MP, JC, F81 
K2P, HKY 
GTR 
ATP6 DFS, K2P 




ATP8 TV, MTP MP, MTP 
C O 1 MP, AA 
W 3 , DFS 
JC *, K2P 
F8 1, HKY 
GTR, MTP 
ML 
W 3, DFS 
MTP 
MP, DFS 
JC *, K2P 
F81 *, HKY 
GTR*, ML 
CO2 JC, K2P 
F81, HKY 
MTP 
JC, K2P, F81 
HKY, GTR 
CO3 TV, MTP* 
ML 
TV, ML 















ND 1 MP, AA, W 3 











































ND3 TV, JC, K2P 
F81, HKY 
MTP, ML 







ND4 AA, W3, TV 
DFS, JC 
K2P*, F81 * 
HKY, GTR 


















ND4L AA, ML ML 
ND5 W3, AA, JC 
K2P, F81 
HKY, GTR 
JC, K2P, F81 
HKY, GTR 
MP, AA 
T V *, DFS 
JC *, K2P 
F81 *, HKY 
GTR, MTP 
ML 
MP, W3, TV 
MTP, ML 




ML ML MP, AA, W 3 
MTP 
12S JC, K2P, F81 
HKY, GTR 
TV, ML JC, K2P 
F81, HKY 
GTR 











MP, TV, ML 
D-loop MP*, TV 
JC*, K2P* 
























Alopias A vulpinus+ 
A.pelagicus 
A. supercil. + A vulpinus+ 




DFS *, JC* 





DFS *, K2P 
HKY, GTR 
MTP, ML 
JC, F81 MP*, W3* 








MP, JC * 




MP *, DFS * W 3, JC, K2P 
F81, HKY 
GTR 
MP *, W 3 
AA, TV* 








MP, MTP MP, AA, TV 
JC *, F81 
K2P*, HKY 
GTR*, ML 
tRNAs TV, ML MP, JC, K2P 
F81, GTR 
MTP, ML 




ATP8 JC, K2P 
F81, HKY 
GTR 
JC, K2P, F81 
HKY, GTR 




AA JC, K2P 
F81, HKY 
GTR, MTP 
CO2 W3 AA, JC, K2P 
F81, HKY 
ML 
CO3 JC, K2P 
HKY, GTR 
W3 
CYTB DFS, MTP MP, W3 
MTP, ML 





ND1 TV, ML TV, MTP 
ML 
ND2 MP, DFS 
JC*, K2P* 
F81 *, HKY* 
GTR, MTP 
ML 












Alopias A vulpinus+ 
A.pelagicus 
A.supercil.+ A vulpinus+ 
A.supercil. cla_de_ Glade A.pela~icus 
ND3 DFS 
ND4 JC, K2P 
F81, HKY 
GTR, MTP 
MP, DFS JC, K2P 
F81, HKY 
GTR 














ND5 DFS, JC* 
K2P*, F81 * 
HKY, GTR* 
MTP, ML 




ND6 JC, K2P, F81 
HKY, GTR 
_ 
MP, JC, K2P 
F81, HKY 
GTR 
12S MP, JC, K2P 
F81, HKY 
GTR, ML 
MP JC, K2P, F81 
HKY, GTR 
MP, JC, K2P 
F81, HKY 
GTR, ML 




MP, TV, JC* 
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Fig. 5.1. Phylogeny based on maximum parsimony analysis using unweighted, aligned nucleotide 



















Fig. 5.2. Phylogeny based on maximum parsimony analysis using transversion substitutions only for 
the whole genome dataset. 
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  Mustelus manazo 
  Heterodontus francisci 
  Mitsukurina owstoni 
  Megachasma pelagios 
  Pseudocarcharias kamoharai 
  Alopias vulpinus 
  Alopias pelagicus 
  Odontaspis ferox 
  Odontaspis noronhai 
  Alopias superciliosus 
  Carcharodon carcharias 
  Isurus paucus 
  Isurus oxyrinchus 
  Lamna nasus 
  Lamna ditropis 
  Cetorhinus maximus 
  Carcharias taurus 
Fig. 5.3. Phylogeny based on maximum parsimony analysis using aligned nucleotide sequences 







 Heterodontus francisci 









o.oss  Megachasma pelagios 
0.043  Alopias vulpinus 
o.oas  Alopias pelagicus 
o.o4s  Alopias superciliosus 
0.041  Odontaspis ferox 
0.043  Odontaspis noronhai 
o.oss Pseudocarcharias kamoharai 





0.052  Isurus paucus 
0.012 
o.oss  Isurus oxyrinchus 
0,oC4 
o.oss  Lamna nasus 
0.029 
o.oss  .Lamna ditropis 
o.oss Cetorhinus maximus 
o.os2 carcharias taurus 
0. o S s ubstitutio ns~s ite 
Fig. 5.4. Phylogeny based on a Neighbor Joining analysis using the Jukes Cantor model of sequence 







 Heterodontus francisci 
o.~2s  Mitsukurina owstoni 
0.112  Megachasma pelagios 
0.009 
o.oss  pseudocarcharias kamoharai 
o.o~a 
o.o5s  Odontaspis ferox 
C.010 
o.00s , o.osi  Odontaspis noronhai 
0.057 -Alopias vulpinus 
0.0200,01 
0,013 

















0.027 Lamna nasus 
0.037  .Lamna ditropis 
  Cetorhinus maxmmus 
Carcharias taurus 
Fig. 5.5. Phylogeny based on a maximum likelihood analysis using Modeltest settings 




















Fig. 5.6 Phylogeny based on maximum parsimony analysis using aligned amino acid sequences for 









  Mustelus manazo 
  Heterodontus francisci 
0.034  Mitsukurina owstoni 
Carcharias taurus 
o~. 04 9  Megachasma pelagios 
0.014  Alopias vulpinus 
O.00Z002
o.ozo  Alopias pelagicus 
01 
0.014  Alopias superciliosus 
].0~1 













  Carcharodon carcharias 
0.012  Isurus paucus 
0.012  Isurus oxyrinchus 
0.01 o Lamna nasus 
o.o1s 
0.012  Lamna ditropis 
Cetorhinus maximus 
  0.01 s ubstitutio ns~s ite 
Fig. 5.7. Phylogeny based on a Neighbor Joining analysis using the Jukes Cantor model of sequence 
evolution for aligned nucleotide sequences of 12S rRNA. 
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CHAPTER SIX: A TANDEM DUPLICATION IN THE MITOCHONDRIAL GENOME OF 
THE GOBLIN SHARK MITSUKURINA OWSTONI 
Abstract 
The mitochondrial genome of the goblin shark Mitsukurina owstoni (Lamniformes: 
Mitsukurinidae) has an insert of 1058bp in length that is composed of tandem repeats of tRNA-
threonine and tRNA-proline. Each tandem repeat is separated by a 37bp region that shows sequence 
similarity to the 5' region of the D-loop. A similar but smaller mitochondrial insert has been reported 
for the reptile Bipes biporus, which has a degenerate origin of light-strand replication (OL). In M. 
owstoni, by contrast, the OL appears to form a normal stem-and-loop structure, and a substitution 
outside the stem-and-loop structure might be responsible for disrupting OL and causing tandem 
duplication. Thus, different errors in the OL may be responsible for similar tandem duplications. 
Introduction 
Mitochondrial genomes can increase in size due to tandem duplications of parts of the 
genome (e.g., Moritz and Brown, 1986, 1987; Berg et al., 1995; Macey et al., 1998; Pereira, 2000). 
The goblin shark M. owstoni has a duplicated region of over lkb in length, located between the genes 
for cytochrome b and the D-loop. This insert is made up of mostly of tandem repeats of tRNA-Thr 
and tRNA-Pro gene copies. This is only the second record of this type of repeat in a vertebrate; the 
first report was in the reptile Bipes biporus (Squamata: Amphisbaenidae), which shows a much 
smaller tRNA-Thr/tRNA-Pro tandem duplication (Macey et al., 1998). In B. biporus, this duplication 
is associated with an abnormal OL (Macey et al., 1997). Changes in OL and the resulting duplication 
of genes are regarded as a prelude to changes in gene order, as a result of the subsequent deletion of 
redundant gene copies (Macey et al., 1997a,b, 1998; Pereira, 2000; Inoue et al., 2001; Townsend and 
Larson, 2002; Shao and Barker, 2003; Yamauchi et al., 2003). This Chapter describes the insert in M. 
owstoni, and compares it to the tRNA-Thr/tRNA-Pro duplication in B. biporus. 
Methods and Materials 
The tandem duplication in M. owstoni was found as a result of sequencing the entire 
mitochondrial genome of this species, and hence the methods follow those outlined in Chapter Five. 
Three additional M. owstoni specimens were examined for the presence of this insert. DNA from 
these tissue samples was isolated by phenol/chloroform extraction. The PCR primers used to amplify 
the tandem duplication in these samples are based on CYTB and the D-loop, and were based on the 
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sequence of the first M. owstoni specimen. These primer sequences were: 5' -
CGGACAAGTCGCATCCA-3' and 5' -TGTACTATATTAGGATATGTGGGC-3' . 
Results 
In M. owstoni, the sequence between cytochrome b and the D-loop sequences is composed of 
14 tandem repeats: seven sequences are homologous to tRNA-Thr, and seven sequences are 
homologous to tRNA-Pro (Fig. 6.1). The first tRNA-Thr and last tRNA-Pro genes in this series show 
the closest homology to the tRNA-Pro and tRNA-Thr genes in the mitochondrial genomes of other 
lamniform species. Thus, the other copies may are presumably non-functional (pseudogenes). A 
37bp sequence (ARCGCTATTAAAAYATAGCCCTAAAGAAAAATAACTA) is present between 
each tRNA-Thr-tRNA-Pro pair, and shares 70% homology to the very beginning of the D-loop of M. 
owstoni. The tandem duplication comprises 1198bp, including the two putative functional tRNA 
genes. The presumed redundant portion of this sequence is 1058bp in the first specimen tested. This 
is 6.0 % of the total mitochondrial genome size. No changes in gene arrangement were observed in 
the M. owstoni mitochondrial genome. 
Three additional M. owstoni specimens were found to possess a mitochondrial insert in the 
same region. These inserts varied in size, but the determination of the exact size and identity of these 
inserts will require sequencing. 
The mitochondrial genomes of certain other lamniform species have smaller inserts in the 
region close to or within the D-loop. Two species have an expanded region between tRNA-Thr and 
tRNA-Pro: A. superciliosus (36bp) and C. taurus (35bp). These show some homology (and the same 
orientation) to a partial tRNA-Thr gene, and may represent previous duplications that have been 
truncated. C. carcharodon has a duplicated region inside the D-loop that results from an insert about 
40bp long. 
Discussion 
The insert in B. biporus is 318bp long, much shorter than that of M. owstoni. Like M. 
owstoni, the tandem duplication of B. biporus is between CYTB and the D-loop and is composed of 
(in order): functional tRNA-Thr; non-functional tRNA-Pro; non-functional tRNA-Thr; and functional 
tRNA-Pro (Macey et. al., 1998). For the B. biporus mitochondrial genome, the extra copies of the 
tRNA gene were inferred to be pseudogenes based on the secondary structure of the tRNAs, which is 
inconsistent with function (Macey et al., 1998). B. biporus has short, directly repeated sequences 
between the tRNA homologs, of two types: the first ("R 1 ") represented by CCAGG or ACAGG; the 
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second ("R2") is represented by CTCTGC, CACTGC, or CTTGC (Macey et al., 1998). These 
sequences show homology to D-loop sequences (Macey et al., 1998). The tandem duplication of M. 
owstoni is much longer than that of B. biporus: there are six extra copies of tRNA-Thr and tRNA-Pro 
in M. owstoni, compared to only one extra copy of each in B. biporus; M. owstoni also has longer 
intervening sequences. 






















16 5 O l GC C GC C C C C T GAAC GC TAT TAAA.AC ATAGC C C TA.AAGP.A~.AATAAC TART 
16551 CCTGGTAGCTTTACTTAAAAGCGCCGGCCTTATAGGCTGGAGACTTAATT 
16601 CTCCCCTAGATATATCAGGGGA.AGGAGGGTTAAACTCCCGCCTTTGGCCC 
16 6 51 CCAA.AGCCAAGATTCTGCCCAAACTGCCCCCTGGACACTATT~~~AA.ATAT
16 7 01 G~~~A.ACCTAAAGAAAATTTTTTAC~~~A.AAGTTAGTCAGATTAACATATTA 
Fig. 6.1.a. Gene sequence for the tandem duplication in M. owstoni, positioned between CYTB (end 
of gene shown with letters for amino acids above the sequence; * = stop codon) and the D-loop (in 
italics). Homologous sequences to tRNA-Thr are shown in bold, and homologous sequences to 
tRNA-Pro are underlined. 
150 
tRNA-Thr tRNA-Pro 
Fig. 6.1.b. Tandem duplication of tRNA-Thr (black arrows) and tRNA-Pro (pale arrows) homology 
in M. owstoni, shown 5' -~ 3' . The putative functional tRNA-Thr and tRNA-Pro are labeled. 
Intervening regions are in gray, and show homology to the 5' region of the D-loop. 
In B. biporus, the sequence between tRNA-Asn and tRNA-Cys, where the OL is usually 
situated in vertebrates,. is abnormal and presumably nonfunctional (Macey et al., 1998). The tRNA-
Cys gene has been proposed to serve as a replication origin for light strand synthesis in mitochondria 
(Clayton, 1982), since it forms part of the OL stem region (Macey et al., 1997a). Changes in the 
secondary structure of tRNA-Cys may remove OL function, which, in turn, may lead to shifts in gene 
order (Macey et al., 1997a, 1998). In both M. owstoni and B. biporus, part of the tRNA-Cys gene is 
in the stem of the OL stem-and-loop structure. A sequence within the tRNA-Cys gene directly next to 
the stem is also believed to be necessary for mitochondrial replication (Hixson et al., 1986). This 
sequence is 3' -GBCCB-5' in most vertebrates (Macey et al., 2000). This sequence is different for M. 
owstoni, which has GGTCC (Fig. 6.2). All other lamniform species have GGCCC, as does Mustelus 
manazo (Carcharhiniformes) and Heterodontus francisci (Hereodontiformes). No tandem 
duplications are known in the mitochondrial genomes of these species. Other vertebrate species that 
show a normal OL between tRNA-Asn and tRNA-Cys also have GBCCB (Macey et al., 1997a,b). 
Exceptions include certain marsupials, in which the sequence here is AACCG or AGTCA (Paabo et 
al., 1991; Janke et al., 1994). However, in the mitochondrial genomes of marsupials the OL is located 
between tRNA-Trp and tRNA-Asn, and tRNA-Cys no longer forms part of the OL stem (Paabo et al., 
1991; Janke et al., 1994). Therefore, it .may be the deviation from the consensus sequence in M. 
owstoni that is responsible for disrupting replication in the mitochondrial genome and generating 
tandem repeats. However, the precise function of this sequence is unknown. 
As discussed above, the only other vertebrate species in which a tRNA-Thr/tRNA-Pro 
tandem duplication has been recorded is B. biporus, which has a smaller duplicated region than 
documented here for M. owstoni. The OL of B. biporus has a degenerate stem-and-loop structure that 
lacks the GCC sequence that is regarded as the starting point for light-strand elongation (Macey et al., 
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1997b; Fig. 6.3). Thus, the mutation that may have caused the tRNA-Thr/tRNA-Pro tandem 
duplication in B. biporus appears to occur in a different part of the OL to that of M. owstoni, which 
contains the GCC sequence in the stem of the OL stem-and-loop structure (Fig. 6.3). 
In certain lizards, it is profound changes to the secondary structure of tRNA-Cys that are 
believed responsible for disrupting the function of the OL (Macey et al., 1997a; Townsend and Larson, 
2002). This is not the case for M. owstoni, which appears to have a normal secondary structure for 
tRNA-Cys. The mitochondrial genomes of these lizards lack gene duplications, but they show gene 
rearrangements that are thought to be the result of tandem duplications followed by selective 
elimination of extra gene copies (Macey et al., 1997x, 1998; Townsend, and Larson, 2002). 
Preliminary analysis indicates that the exact size of the tandem duplication varies between 
individuals of M. owstoni. Some lizards (Cnemidophorus and Heteronotia spp.) have duplicated 
regions in their mitochondrial genomes that range from 0.8 to 8.0 kb in length (Moritz and Brown, 
1987). These duplications are ephemeral in these lizards: they are of low frequency, and vary from 


















A - T . sequence necessary for replication (consensus GBCCB) 
A -T J, 











A - T sequence necessary for replication (consensus GBCCB) 
G - C J, 
3' -C A G G C -G A G A C C G G G C G -5' 
Fig. 6.2. The stem-and-loop structure formed by the origin of light-strand replication (OL) in the 
mitochondrial genome of (a) M. owstoni and (b) B. biporus. The GCC sequence (in bold), regarded 
as the point of light-strand elongation, is present in M. owstoni, but not in B. biporus. In M. owstoni, 
the GBCCB sequence (underlined) that is thought to be necessary for replication, has a substitution at 
the third base position (C-~T). (b) is after Macey et al. (1997b). 
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GENERAL CONCLUSIONS 
The order Lamniformes contains 15 living species of sharks organized into seven families. 
An overview of the biology, systematics, morphology and fossil record of these sharks is presented. 
Previous investigations of lamniform phylogeny, using both anatomical and molecular-based data, 
have been unable to resolve relationships within this group. In an effort to elucidate lamniform 
phylogeny, this study examined the entire mitochondrial genome sequence for all living species in 
this order. Mitochondrial genomes for all 15 lamniform species were sequenced, and both individual 
genes and multigene datasets were analyzed using several standard phylogenetic methods (maximum 
parsimony, maximum likelihood, and distance optimality criteria). Overall, the current study 
recovered the same relationships as previous molecular studies. The Glade Lamnidae is strongly 
supported, although internal relationships could not be resolved. Carcharias and Cetorhinus were 
frequently allied with the Lamnidae, especially for multigene datasets, but results were variable for 
individual genes and depended on the method employed. There was no support for a monophyletic 
Odontaspididae (Carcharias+Odontaspis). A Glade ("AMOP") comprising Alopias, Megachasma, 
Odontaspis, and Pseudocarcharias was frequently recovered in this study, but relationships within 
this Glade could not be resolved further. As in previous molecular studies, the genus Alopias proved 
to be especially problematic. The majority of analyses recovered Mitsukurina as either the basal 
outgroup to all other lamniforms or the sister taxon to the AMOP Glade. Based on the current study 
of all living lamniforms, complete taxon sampling and larger datasets do not necessarily provide a 
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APPENDIX 
Annotated sequences for the complete genomes of 15 species of lamniform sharks {Vertebrata: Chondrichthyes: 
Elasmobranchii: Neoselachii: Lamniformes). 




















































GCTAGTGTAG CTTAATTTAA AGCATGGCAC 
CGATCACATC GAATTAAATT TCGTACCGTG 
ATP.~A.AAATTT TTCCACGAGC ACAAAGGTTT 
TATTTTTAAA AAGGTGCTCG TGTTTCCAAA 
TTGTAACTAA AATTATACAT GCAAGTTTCA 
AACATTGATT TTAATATGTA CGTTCAAAGT 
TAATTATTCT ATCAATTAAT TAGGAGCGGG 
ATTAATAAGA TAGTTAATTA ATCCTCGCCC 
CCCAAGACAC CTTGCTAAGC CACACCCCCA 
GGGTTCTGTG GAACGATTCG GTGTGGGGGT 
ATATTGATCT CATAAGCGCA AGCTTGAATC 
TATAACTAGA GTATTCGCGT TCGAACTTAG 



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































CATTAACAGT TCAACTGGTA TTGACTTTCC CTATCTCTTT AACTGCAGTA 
16351 AGACGTCAAG TTTCGATTTT TTTGATTAAT GA.AACTATGG TTT T 
TCTGCAGTTC AAAGCTAAAA AA.ACTAATTA CTTTGATACC AAATTTTTTA 
16401 CCATATCCTT AACCCTCATC ATAAGTGCGA TTTGAA.ATAA ATTTGCATGT 
GGTATAGGAA TTGGGAGTAG TATTCACGCT AAACTTTATT TAAACGTACA 
16451 AAGGCGCATT GAATAATCCT AATACATTAA TCACTTTACT TGGCATAAAT 
TTCCGCGTAA CTTATTAGGA TTATGTAATT AGTGAAATGA ACCGTATTTA 
16501 TTTTTTTATT AAGTTTCCCC CTACGTTTCA AA.ATTTCGGA GCCGCTTAAA 
TAA TTCAAAGGGG GATGCAAAGT TTTAAAGCCT CGGCGAATTT 
16551 TA CATTTTTTTG GTP.~~AAACCC CCCTCCCCCT AATATACACG 
TTTTTTTTAT GT C CATTTTTGGG GGGAGGGGGA TTATATGTGC 
16601 GACTCCTCGA AAAACCCCTA AAACGAGGGC CGGACATATA TCTTCAAATT 
CTGAGGAGCT TTTTGGGGAT TTTGCTCCCG GCCTGTATAT AGAAGTTTAA 
16651 AGCATACGAA ATATACTCTA TATATATAGT GTTACACTAT GAT 
TCGTATGCTT TATATGAGAT ATATATATCA CAATGTGATA CTA 
tRNA 1..71 
product = tRNA-Phe 
rRNA 70..1022 
product = 12S ribosomal RNA 
tRNA 1023..1094 
product = tRNA-Val 
rRNA 1095..2762 
product = 16S ribosomal RNA 
tRNA 2763..2837 
product = tRNA-Leu 
gene 2 8 3 8 .. 3 812 
gene = ND 1 
product = NADH dehydrogenase subunit 1 
tRNA 3814..3882 
product = tRNA-Ile 
tRNA complement (3881..3852) 
product = tRNA-Gln 
tRNA 3953..4021 
product = tRNA-Met 
gene 4022..5065 
gene = ND2 
product = NADH dehydrogenase subunit 2 
tRNA 5065..5135 
product = tRNA-Trp 
tRNA complement (5137..5205) 
product = tRNA-Ala 
tRNA complement (5206..5278) 
product = tRNA-Asn 
tRNA complement (5312..5378) 
product = tRNA-Cys 
tRNA complement (5380..5449) 
product = tRNA-Tyr 
gene 5451..7006 
gene = COl 
product = cytochrome c oxidase subunit 1 
tRNA complement (7007..7077) 
product = tRNA-Ser 
tRNA 7082..7151 
product = tRNA-Asp 
194 
gene 7159..7849 
gene = CO2 
product = cytochrome c oxidase subunit 2 
tRNA 7850..7923 
product = tRNA-Lys 
gene 7925..8092 
gene = ATP8 
product =ATP synthase FO subunit 8 
gene 8083..8766 
gene = ATP6 
product =ATP synthase FO subunit 6 
gene 8766..9SS 1 
gene = CO3 
product = cytochrome c oxidase subunit 3 
tRNA 9SS4..9623 
product = tRNA-Gly 
gene 9624..9974 
gene = ND3 
product = NADH dehydrogenase subunit 3 
tRNA 997 3..10042 
product = tRNA-Arg 
gene 10043..10339 
gene = ND4L 
product = NADH dehydrogenase subunit 4L 
gene 10333..11713 
gene = ND4 
product = NADH dehydrogenase subunit 4 
tRNA 11714..11782 
product = tRNA-His 
tRNA 117 8 3..11849 
product = tRNA-Ser 
tRNA 11850..11921 
product = tRNA-Leu 
gene 11922..13751 
gene = NDS 
product = NADH dehydrogenase subunit S 
gene complement (13747..14268) 
gene = ND6 
product = NADH dehydrogenase subunit 6 
tRNA complement (14269..14338) 
product = tRNA-Glu 
gene 14342..15487 
gene = CYTB 
product =cytochrome b 
tRNA 15487..1 SS60 
product = tRNA-Thr 
tRNA complement (1 S S 63 .. l S 631) 
product = tRNA-Pro 
D-Loop 15 6 3 3..1669 3 
195 












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































product = tRNA-Phe 
69..1021 
product = 12S ribosomal RNA 
1022..1093 
product = tRNA-Val 
1094..2757 
product = 165 ribosomal RNA 
2758..2832 
product = tRNA-Leu 
2833..3807 
gene = ND 1 
product = NADH dehydrogenase subunit 1 
3810..3878 
product = tRNA-Ile 
3877..3948 
product = tRNA-Gln 
3949..4017 
product = tRNA-Met 
4018..5061 
gene = ND2 
product = NADH dehydrogenase subunit 2 
5061..5131 
product = tRNA-Trp 
complement (5133..5201) 
product = tRNA-Ala 
complement {5202..5274) 
product = tRNA-Asn 
complement (5308..5374) 
product = tRNA-Cys 
complement (5 376..5445 } 
product = tRNA-Tyr 
5447..7000 
gene = CO1 
product = cytochrome c oxidase subunit 1 
complement (7003..7073) 
product = tRNA-Ser 
7078..7147 
product = tRNA-Asp 
7152..1842 












product = cytochrome c oxidase subunit 2 
tRNA 7 843 ..7916 
product = tRNA-Lys 
gene 7918..8085 
gene = ATP8 
product =ATP synthase FO subunit 8 
gene 8076..8759 
gene = ATP6 
product =ATP synthase FO subunit 6 
gene 8759..9544 
gene = CO3 
product = cytochrome c oxidase subunit 3 
tRNA 9547..9615 
product = tRNA-Gly 
gene 9616..9966 
gene = ND3 
product = NADH dehydrogenase subunit 3 
tRNA 9965..10034 
product = tRNA-Arg 
gene 10035..10331 
gene = ND4L 
product = NADH dehydrogenase subunit 4L 
gene 10325..11705 
gene = ND4 
product = NADH dehydrogenase subunit 4 
tRNA 11706..11774 
product = tRNA-His 
tRNA 11775..11841 
product = tRNA-Ser 
tRNA 11842..11913 
product = tRNA-Leu 
gene 11914..13743 
gene = NDS 
product = NADH dehydrogenase subunit 5 
gene complement (13739..14260) 
gene = ND6 
product = NADH dehydrogenase subunit 6 
tRNA complement (14261..14330) 
product = tRNA-GIu 
gene 14333..15478 
gene = CYTB 
product =cytochrome b 
tRNA 15478..15551 
product = tRNA-Thr 
insert 15552..15588 
tRNA complement (15589..15657) 
product = tRNA-Pro 
D-Loop 15659..16717 
Alopias vulpinus mitochondrion, complete genome 
1 GCTAGTGTAG CTTAATTTTA AAGCATGGCA CTGAAGATGC T~TGAAA 
















































12 01 AAC P~~AAAC T 
TTGTTTTTGA 














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































16551 CGCCTAGAAA TAC ATTTTTTGGT P.~AAAA000CC CTCCCCCTAA 
GCGGATCTTT TTTTTTTATG T CCA TTTTTGGGGG GAGGGGGATT 
16601 TATACACGGA CTCCTCGAA.A AACCCCTAAA ACGAGGGCCG GACATATATC 
ATATGTGCCT GAGGAGCTTT TTGGGGATTT TGCTCCCGGC CTGTATATAG 
16651 TTTGAATTAG CATGCGAAAT ATACTCTATA TATATAGTGT AACACTATGA 




product = tRNA-Phe 
rRNA 70..1022 
product = 12S ribosomal RNA 
tRNA 1023..1094 
product = tRNA-Val 
rRNA 1095..2768 
product = 16S ribosomal RNA 
tRNA 2769..2843 
product = tRNA-Leu 
gene 2844..3818 
gene = ND 1 
product = NADH dehydrogenase subunit 1 
tRNA 3 820..3 8 89 
product = tRNA-Ile 
tRNA 3888..3959 
product = tRNA-Gln 
tRNA 3960..4028 
product = tRNA-Met 
gene 4029..5072 
gene = ND2 
product = NADH dehydrogenase subunit 2 
tRNA 5072..5142 
product = tRNA-Trp 
tRNA complement (5144..5212) 
product = tRNA-Ala 
tRNA complement (5213..5285) 
product = tRNA-Asn 
tRNA complement (5319..5385) 
product = tRNA-Cys 
tRNA complement (5 3 87..5457) 
product = tRNA-Tyr 
gene 5459..7016 
gene = COl 
product = cytochrome c oxidase subunit 1 
tRNA complement (7015..7085) 
product = tRNA-Ser 
tRNA 7090..7159 
product = tRNA-Asp 
gene 7167..7857 
gene = CO2 
product = cytochrome c oxidase subunit 2 
tRNA 7858..7931 
product = tRNA-Lys 
gene 7933..8100 
222 
gene = ATP8 
product =ATP synthase FO subunit 8 
gene 8091..8774 
gene = ATP6 
product =ATP synthase FO subunit 6 
gene 8774..9559 
gene = CO3 
product = cytochrome c oxidase subunit 3 
tRNA 9562..9631 
product = tRNA-Gly 
gene 9632..9982 
gene = ND3 
product = NADH dehydrogenase subunit 3 
tRNA 9981..10050 
product = tRNA-Arg 
gene 10051..10347 
gene = ND4L 
product = NADH dehydrogenase subunit 4L 
gene 10341..11721 
gene = ND4 
product = NADH dehydrogenase subunit 4 
tRNA 11722..11790 
product = tRNA-His 
tRNA 11791..11857 
product = tRNA-Ser 
tRNA 1185 8..11929 
product = tRNA-Leu 
gene 11930..13759 
gene = NDS 
product = NADH dehydrogenase subunit 5 
gene complement (13755..14276) 
gene = ND6 
product = NADH dehydrogenase subunit 6 
tRNA complement (14277..14346) 
product = tRNA-Glu 
gene 14349..15494 
gene = CYTB 
product =cytochrome b 
tRNA 15494..15567 
product = tRNA-Thr 
tRNA complement (15570..15638) 
product = tRNA-Pro 
D-Loop 14349..15494 
Carcharodon carcharias mitochondrion, complete genome 
1 GCTAGTGTAG CTTAATTTTA AAGCATGGCA CTGAAGATGC TAATATGA.AA 
CGATCACATC GAATTAAAAT TTCGTACCGT GACTTCTACG ATTATACTTT 
51 AATGAGAATT TTCCGCAGGC ATTAAGGTTT GGTCCTGGCC TCAGTATTAA 
TTACTCTTAA AAGGCGTCCG TAATTCCAAA CCAGGACCGG AGTCATAATT 
101 TTGTAACCAA AATTATACAT GCAAGTTTCA GCATCCCTGT GAGAATGCCC 
AACATTGGTT TTAATATGTA CGTTCAAAGT CGTAGGGACA CTCTTACGGG 

















































































































































































































































































































































AGGC C TAA.A.A 
TCCGGATTTT 









































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































GCCTAAGGAG CTTTTTGGGG ATTTTGCTCT TGGCCTGTAT AT~CTTT 
16701 TTAGCATGCG AAATGTATTC TGTATTTATA TTGTTACACT ATGAT 
AATCGTACGC TTTACATAAG ACATA.AATAT AACAATGTGA TACTA 
tRNA 1..71 
product = tRNA-Phe 
rRNA 70..1024 
product = 12S ribosomal RNA 
tRNA 1025..1096 
product = tRNA-Val 
rRNA 1097..2767 
product = 16S ribosomal RNA 
tRNA 2768..2842 
product = tRNA-Leu 
gene 2843..3817 
gene = ND 1 
product = NADH dehydrogenase subunit 1 
tRNA 3820..3888 
product = tRNA-Ile 
tRNA 3887..3958 
product = tRNA-Gln 
tRNA 3960..4028 
product = tRNA-Met 
gene 4029..5072 
gene = ND2 
product = NADH dehydrogenase subunit 2 
tRNA 5072..5142 
product = tRNA-Trp 
tRNA complement (5144..5212) 
product = tRNA-Ala 
tRNA complement (5213..5285) 
product = tRNA-Asn 
tRNA complement (5319..5385) 
product = tRNA-Cys 
tRNA complement (5385..5454) 
product = tRNA-Tyr 
gene 5456..7013 
gene = COl 
product = cytochrome c oxidase subunit 1 
tRNA complement (7012..7082) 
product = tRNA-Ser 
tRNA 7087..7155 
product = tRNA-Asp 
gene 7160..7850 
gene = CO2 
product = cytochrome c oxidase subunit 2 
tRNA 7851..7924 
product = tRNA-Lys 
gene 7926..8093 
gene = ATPB 
product =ATP synthase FO subunit 8 
gene 8084..8767 
gene = ATP6 



















gene = CO3 
product = cytochrome c oxidase subunit 3 
9555..9624 
product = tRNA-Gly 
9625..9975 
gene = ND3 
product = NADH dehydrogenase subunit 3 
9974..10044 
product = tRNA-Arg 
10045..10341 
gene = ND4L 
product = NADH dehydrogenase subunit 4L 
10335..11715 
gene = ND4 
product = NADH dehydrogenase subunit 4 
11716..11784 
product = tRNA-His 
11785..11851 
product = tRNA-Ser 
11852..11923 
product = tRNA-Leu 
11924..13753 
gene = NDS 
product = NADH dehydrogenase subunit 5 
complement (13749..14270) 
gene = ND6 
product = NADH dehydrogenase subunit 6 
complement (14271..14340) 
product = tRNA-Glu 
14343..15488 
gene = CYTB 
product =cytochrome b 
15488..15559 
product = tRNA-Thr 
complement (15562..15630) 
product = tRNA-Pro 
15631..16745 
Carcharias taurus mitochondrion, complete genome 
1 GCTAGTGTAG CTTAATTTAA AGTATGGCAC 
CGATCACATC GAATTAA.ATT TCATACCGTG 
51 ATGA.AA.ATTT TCCACAGGCA TGAAGGTTTG 
TACTTTTAAA AGGTGTCCGT- ACTTCCA.AAC 
101 TGCAACCAAA ATTATACATG CAAGTTTCAG 
ACGTTGGTTT TAATATGTAC GTTCAAAGTC 
151 AATCATTCTA TCAATTAATT AGGAGCAGGT 
TTAGTAAGAT AGTTAATTAA TCCTCGTCCA 
201 CCAAGACACC TTGCTAAGCC ACACCCCCAA 
GGTTCTGTGG AACGATTCGG TGTGGGGGTT 
251 TATTGATCAC ATAAGCGCAA GCTTGAATCA 


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































A.AATAGGC C T 
TTTATCCGGA 
CAGCGAACTT 








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































product = tRNA-Phe 
rRNA 69..1019 
product = 12S ribosomal RNA 
tRNA 1020..1091 
product = tRNA-Val 
rRNA 1092..2762 
product = 16S ribosomal RNA 
tRNA 2763..2837 
product = tRNA-Leu 
gene 2838..3812 
gene = ND 1 
product = NADH dehydrogenase subunit 1 
tRNA 3815..3883 
product = tRNA-Ile 
tRNA 3882..3953 
product = tRNA-Gln 
tRNA 3954..4022 
product = tRNA-Met 
gene 4023..5066 
gene = ND2 
product = NADH dehydrogenase subunit 2 
tRNA 5066..5134 
product = tRNA-Trp 
tRNA complement (5136..5204) 
product = tRNA-Ala 
tRNA complement (5205..5277) 
product = tRNA-Asn 
tRNA complement (5311..5377} 
product = tRNA-Cys 
tRNA complement (5379..5448) 
product = tRNA-Tyr 
gene 7158..7848 
gene = CO1 
product = cytochrome c oxidase subunit 1 
tRNA complement (7006..7076) 
product = tRNA-Ser 
tRNA 7081..7150 
product = tRNA-Asp 
gene 715 8 ..7 848 
gene = CU2 
product = cytochrome c oxidase subunit 2 
tRNA 7 849..7922 
product = tRNA-Lys 
gene 7924..8091 
gene = ATP8 
product =ATP synthase FO subunit 8 
gene 8082..8765 
gene = ATP6 
product =ATP synthase FO subunit 6 
gene 8765..9550 
gene = CO3 
product = cytochrome c oxidase subunit 3 
tRNA 9553..9622 


















gene = ND3 
product = NADH dehydrogenase subunit 3 
9972..10041 
product = tRNA-Arg 
10042..103 3 8 
gene = ND4L 
product = NADH dehydrogenase subunit 4L 
10332..11712 
gene = ND4 
product = NADH dehydrogenase subunit 4 
11713..11781 
product = tRNA-His 
11782..11848 
product = tRNA-Ser 
11849..11920 
product = tRNA-Leu 
11921..13750 
gene = NDS 
product = NADH dehydrogenase subunit 5 
complement (13746..14267) 
gene = ND6 
product = NADH dehydrogenase subunit 6 
complement (14268..14337) 
product = tRNA-Glu 
14340..15485 
gene = CYTB 
product = cytochrome b 
15485..15555 
product = tRNA-Thr 
15556..15590 
complement (15591..15659) 
product = tRNA-Pro 
15650..16718 





































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































product = tRNA-Phe 
69..1020 
product = 12S ribosomal RNA 
1021..1092 
product = tRNA-Val 
1093..2757 



























































































product = tRNA-Leu 
gene 2833..3807 
gene = ND 1 
product = NADH dehydrogenase subunit 1 
tRNA 3809..3877 
product = tRNA-Ile 
tRNA 3876..3947 
product = tRNA-Gln 
tRNA 3948..4016 
product = tRNA-Met 
gene 4017..5 060 
gene = ND2 
product = NADH dehydrogenase subunit 2 
tRNA 5060..5160 
product = tRNA-Trp 
tRNA complement (5132..5200) 
product = tRNA-Ala 
tRNA complement {5201..5273) 
product = tRNA-Asn 
tRNA complement (5306..5373} 
product = tRNA-Cys 
tRNA complement (5375..5444) 
product = tRNA-Tyr 
gene 5446..6999 
gene = CO1 
product = cytochrome c oxidase subunit 1 
tRNA complement (7002..7072) 
product = tRNA-Ser 
tRNA 7077..7146 
product = tRNA-Asp 
gene 7154..7844 
gene = CO2 
product = cytochrome c oxidase subunit 2 
tRNA 7845..7918 
product = tRNA-Lys 
gene 7920..8087 
gene = ATPB 
product =ATP synthase FO subunit 8 
gene 8078..8761 
gene = ATP6 
product =ATP synthase FO subunit 6 
gene 8761..9546 
gene = CO3 
product = cytochrome c oxidase subunit 3 
tRNA 9549..9618 
product = tRNA-Gly 
gene 9619..9969 
gene = ND3 
product = NADH dehydrogenase subunit 3 
tRNA 9968..10036 
product = tRNA-Arg 
gene 10037..103 3 3 













product = NADH dehydrogenase subunit 4L 
10327..11707 
gene = ND4 
product = NADH dehydrogenase subunit 4 
11708..11776 
product = tRNA-His 
11777..11843 
product = tRNA-Ser 
11844..11915 
product = tRNA-Leu 
11916..13745 
gene = NDS 
product = NADH dehydrogenase subunit 5 
complement (13741..14262) 
gene = ND6 
product = NADH dehydrogenase subunit 6 
complement (14263..14332) 
product = tRNA-Glu 
14335..15480 
gene = CYTB 
product = cytochrome b 
15480..15550 
product = tRNA-Thr 
complement (15553..15621) 
product = tRNA-Pro 
15622..16669 



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































ACTTTAATCG TACGCTTTAG ATAAGACATA 
1..70 
product = tRNA-Phe 
69..1023 
product = 12S ribosomal RNA 
1024..1095 
product = tRNA-Val 
1096..2766 
product = 16S ribosomal RNA 
2767..2841 
product = tRNA-Leu 
2845..3819 
gene = ND 1 
product = NADH dehydrogenase subunit 1 
3823..3891 















































































product = tRNA-Gln 
tRNA 3959..4027 
product = tRNA-Met 
gene 4028..5071 
gene = ND2 
product = NADH dehydrogenase subunit 2 
tRNA 5071..5141 
product = tRNA-Trp 
tRNA complement (5143..5211) 
product = tRNA-Ala 
tRNA complement (5215..5287) 
product = tRNA-Asn 
tRNA complement (5321..5390) 
product = tRNA-Cys 
tRNA complement (5389..5458) 
product = tRNA-Tyr 
gene 5460..7017 
gene = CO1 
product = cytochrome c oxidase subunit 1 
tRNA complement (7016..7086) 
product = tRNA-Ser 
tRNA 7091..7161 
product = tRNA-Asp 
gene 7168..7858 
gene = CO2 
product = cytochrome c oxidase subunit 2 
tRNA 7861..7934 
product = tRNA-Lys 
gene 7936..8103 
gene = ATPB 
product =ATP synthase FO subunit 8 
gene 8094..8777 
gene = ATP6 
product =ATP synthase FO subunit 6 
gene 8777..9562 
gene = CO3 
product = cytochrome c oxidase subunit 3 
tRNA 9565..9634 
product = tRNA-Gly 
gene 9635..9985 
gene = ND3 
product = NADH dehydrogenase subunit 3 
tRNA 9982..10051 
product = tRNA-Arg 
gene 10052..10348 
gene = ND4L 
product = NADH dehydrogenase subunit 4L 
gene 10342..11722 
gene = ND4 
product = NADH dehydrogenase subunit 4 
tRNA 11723..11791 
product = tRNA-His 
tRNA 11792..11859 











product = tRNA-Leu 
11931..13760 
gene = NDS 
product = NADH dehydrogenase subunit 5 
complement (13756..14277) 
gene = ND6 
product = NADH dehydrogenase subunit 6 
complement (14278..14347) 
product = tRNA-Glu 
14350..15495 
gene = CYTB 
product = cytochrome b 
15495..15565 
product = tRNA-Thr 
complement (15568..15636) 
product = tRNA-Pro 
15637..16691 












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































product = tRNA-Phe 
69..1023 
product = 12S ribosomal RNA 
1024..1096 
product = tRNA-Val 
1097..2769 
product = 16S ribosomal RNA 
2770..2844 
product = tRNA-Leu 
2845..3819 
gene = ND 1 
product = NADH dehydrogenase subunit 1 
3823..3891 
product = tRNA-Ile 
3890..3961 
product = tRNA-Gln 
3966..4034 
product = tRNA-Met 
4035..5078 
gene = ND2 






























































tRNA 507 8..5148 
product = tRNA-Trp 
tRNA complement (S 1 SO..S218) 
product = tRNA-Ala 
tRNA complement (5219..5291) 
product = tRNA-Asn 
tRNA complement (S 32S ..S 391) 
product = tRNA-Cys 
tRNA complement (S 393..5462) 
product = tRNA-Tyr 
gene 5464..7021 
gene = COl 
product = cytochrome c oxidase subunit 1 
tRNA complement (7019..7089) 
product = tRNA-Ser 
tRNA 7094..7163 
product = tRNA-Asp 
gene 7170..7860 
gene = CO2 
product = cytochrome c oxidase subunit 2 
tRNA 7861..7934 
product = tRNA-Lys 
gene 7936..8103 
gene = ATP8 
product =ATP synthase FO subunit 8 
gene 8094..8777 
gene = ATP6 
product =ATP synthase FO subunit 6 
gene 8777..9562 
gene = CO3 
product = cytochrome c oxidase subunit 3 
tRNA 9S6S..9634 
product = tRNA-Gly 
gene 9635..9985 
gene = ND3 
product =NADH dehydrogenase subunit 3 
tRNA 9984..10054 
product = tRNA-Arg 
gene 100SS..10351 
gene = ND4L 
product =NADH dehydrogenase subunit 4L 
gene 10345..11725 
gene = ND4 
product =NADH dehydrogenase subunit 4 
tRNA 11726..11794 
product = tRNA-His 
tRNA 11795..11862 
product = tRNA-Ser 
tRNA 11862..11933 
product = tRNA-Leu 
gene 11934..13763 
gene = NDS 
product =NADH dehydrogenase subunit S 







gene = ND6 
product = NADH dehydrogenase subunit 6 
complement (14281..14350) 
product = tRNA-Glu 
14353..15498 
gene = CYTB 
product = cytochrome b 
15496..15569 
product = tRNA-Thr 
complement (15572..15640) 
product = tRNA-Pro 
15641..16703 








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































product = tRNA-Phe 
69..1028 
product = 12S ribosomal RNA 
1029..1100 
product = tRNA-Val 
1101..2776 
product = 16S ribosomal RNA 
2777..2851 
product = tRNA-Leu 
2852..3826 
gene = ND 1 
product = NADH dehydrogenase subunit 1 
3829..3897 
product = tRNA-Ile 
3 896..3967 
product = tRNA-Gln 
3968..4036 
product = tRNA-Met 
4037..5080 
gene = ND2 
product = NADH dehydrogenase subunit 2 
5080..5150 
product = tRNA-Trp 
complement (S 152..5220) 
product = tRNA-Ala 
complement (5221..5293) 


















































tRNA complement (5327..5393) 
product = tRNA-Cys 
tRNA complement (5395..5464) 
product = tRNA-Tyr 
gene 5466..7023 
gene = CO1 
product = cytochrome c oxidase subunit 1 
tRNA complement (7022..7092) 
product = tRNA-Ser 
tRNA 7097..7166 
product = tRNA-Asp 
gene 7171..7861 
gene = CO2 
product = cytochrome c oxidase subunit 2 
tRNA 7862..7935 
product = tRNA-Lys 
gene 7937..8104 
gene = ATP8 
product =ATP synthase FO subunit 8 
gene 8095..8778 
gene = ATP6 
product =ATP synthase FO subunit 6 
gene 8778..9563 
gene = CO3 
product = cytochrome c oxidase subunit 3 
tRNA 9566..9635 
product = tRNA-Gly 
gene 9636..9986 
gene = ND3 
product = NADH dehydrogenase subunit 3 
tRNA 9985..10054 
product = tRNA-Arg 
gene 10055..10351 
gene = ND4L 
product = NADH dehydrogenase subunit 4L 
gene 10345..11725 
gene = ND4 
product = NADH dehydrogenase subunit 4 
tRNA 11726..11794 
product = tRNA-His 
tRNA 11795..11862 
product = tRNA-Ser 
tRNA 11863..11934 
product = tRNA-Leu 
gene 11935..13764 
gene = NDS 
product = NADH dehydrogenase subunit 5 
gene complement (13760..14281) 
gene = ND6 
product = NA.DH dehydrogenase subunit 6 
tRNA complement (14282..14351) 
product = tRNA-Glu 
gene 14354..15499 





product = cytochrome b 
15497..15570 
product = tRNA-Thr 
complement (15573..15641) 
product = tRNA-Pro 
15 642 ..167 OS 
































































































































































































































C T TA.AAC AAT 
GAATTTGTTA 






























































































































































































































































































































































































































AC C GGAGA.AA 
TGGCCTCTTT 











































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































C C TA.AAAC GA 
GGATTTTGCT 
TCTGTATTTA 
TTAATCGTAC GCTTTACATA AGACATAAAT 
1..70 
product = tRNA-Phe 
69..1024 
product = 12S ribosomal RNA 
1025..1096 
product = tRNA-Val 
1097..2769 
product = 16S ribosomal RNA 
2770..2844 
product = tRNA-Leu 
2845..3819 
gene = ND 1 
product = NADH dehydrogenase subunit 1 
3822..3890 
product = tRNA-Ile 
3889..3960 
product = tRNA-Gln 
3961..4029 
product = tRNA-Met 
4030..5073 
gene = ND2 
product = NADH dehydrogenase subunit 2 
5073..5143 
product = tRNA-Trp 
complement (5145..5213) 
product = tRNA-Ala 
complement (5214..5286) 
product = tRNA-Asn 
complement (5 320..5 3 86) 
product = tRNA-Cys 
complement (5388..5457) 
product = tRNA-Tyr 
5459..7016 
gene = CO1 







































product = tRNA-Ser 
tRNA 7090..7159 
product = tRNA-Asp 
gene 7164..7 854 
gene = CO2 
product = cytochrome c oxidase subunit 2 
tRNA 7855..7928 
product = tRNA-Lys 
gene 7930..8097 
gene = ATP8 
product =ATP synthase FO subunit 8 
gene 8088..8771 
gene = ATP6 
product =ATP synthase FO subunit 6 
gene 8771..9556 
gene = CO3 
product = cytochrome c oxidase subunit 3 
tRNA 9559..9628 
product = tRNA-Gly 
gene 9629..9979 
gene = ND3 
product = NADH dehydrogenase subunit 3 
tRNA 997 8..10047 
product = tRNA-Arg 
gene 10048..10344 
gene = ND4L 
product = NADH dehydrogenase subunit 4L 
gene 103 3 8..11718 
gene = ND4 
product = NADH dehydrogenase subunit 4 
tRNA 11719..11787 
product = tRNA-His 
tRNA 11788..11855 
product = tRNA-Ser 
tRNA 11856..11927 
product = tRNA-Leu 
gene 11928..13757 
gene = NDS 
product = NADH dehydrogenase subunit 5 
gene complement (13753..14274) 
gene = ND6 
product = NADH dehydrogenase subunit 6 
tRNA complement (14275..14344) 
product = tRNA-Glu 
gene 14347..15492 
gene. = CYTB 
product =cytochrome b 
tRNA 15492..15563 
product = tRNA-Thr 
tRNA complement (15566..15634) 
product = tRNA-Pro 
D-Loop 15635..16697 
3 20 








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































product = tRNA-Phe 
69..1022 
product = 12S ribosomal RNA 
1023..1094 
product = tRNA-Val 
1095..2761 
product = 16S ribosomal RNA 
2762..2836 
product = tRNA-Leu 
2837..3811 
gene = ND 1 
product = NADH dehydrogenase subunit 1 
3814..3882 
product = tRNA-Ile 
3881..3952 
product = tRNA-Gln 
3953..4021 
product = tRNA-Met 
4022..5065 
gene = ND2 
product = NADH dehydrogenase subunit 2 
5065..5135 
product = tRNA-Trp 
complement (5137..5205) 
product = tRNA-Ala 
complement (5206..5278) 
product = tRNA-Asn 
complement (5312..5378) 
product = tRNA-Cys 
complement (5380..5449) 
product = tRNA-Tyr 
5461..7004 
gene =COI 
product = cytochrome c oxidase subunit 1 
complement (7006..7076) 
product = tRNA-Ser 
7081..7150 
product = tRNA-Asp 
7158..7848 
gene = CO2 





























product = tRNA-Lys 
7924..8091 
gene = ATPB 
product =ATP synthase FO subunit 8 
8082..8765 
gene = ATP6 
product =ATP synthase FO subunit 6 
8765..9550 
gene = CO3 
product = cytochrome c oxidase subunit 3 
9553..9622 
product = tRNA-Gly 
9623..9973 
gene = ND3 
product = NADH dehydrogenase subunit 3 
9972..10041 
product = tRNA-Arg 
10042..103 3 8 
gene = ND4L 
product = NADH dehydrogenase subunit 4L 
10332..11712 
gene = ND4 
product = NADH dehydrogenase subunit 4 
11713..11781 
product = tRNA-His 
11782..11848 
product = tRNA-Ser 
11849..11920 
product = tRNA-Leu 
11921..13759 
gene = NDS 
product = NADH dehydrogenase subunit 5 
complement (13745..14266) 
gene = ND6 
product = NADH dehydrogenase subunit 6 
complement (14267..14336) 
product = tRNA-Glu 
14339..15484 
gene = CYTB 
product =cytochrome b 
15483..15556 
product = tRNA-Thr 
complement (15559..15627} 
product = tRNA-Pro 
15629..16677 





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































product = tRNA-Phe 
69..952 
product = 1 ZS ribosomal RNA 
1021..1092 
product = tRNA-Vat 
1093..2758 





























































































product = tRNA-Leu 
gene 2834..3808 
gene = ND 1 
product = NADH dehydrogenase subunit 1 
tRNA 3813..3881 
product = tRNA-Ile 
tRNA 3880..3951 
product = tRNA-Gln 
tRNA 3952..4020 
product = tRNA-Met 
gene 4021..5 064 
gene = ND2 
product = NADH dehydrogenase subunit 2 
tRNA 5064..5134 
product = tRNA-Trp 
tRNA complement (5136..5204) 
product = tRNA-Ala 
tRNA complement (5205..5277) 
product = tRNA-Asn 
tRNA complement (5313..5379) 
product = tRNA-Cys 
tRNA complement (5381..5450) 
product = tRNA-Tyr 
gene 5452..7005 
gene = CO1 
product = cytochrome c oxidase subunit 1 
tRNA complement (7007..7077) 
product = tRNA-Ser 
tRNA 7081..7150 
product = tRNA-Asp 
gene 7158..7848 
gene = CO2 
product = cytochrome c oxidase subunit 2 
tRNA 7849..7921 
product = tRNA-Lys 
gene 7924..8091 
gene = ATP8 
product =ATP synthase FO subunit 8 
gene 8082..8765 
gene = ATP6 
product =ATP synthase FO subunit 6 
gene 8765..9550 
gene = CO3 
product = cytochrome c oxidase subunit 3 
tRNA 9553..9622 
product = tRNA-Gly 
gene 9623..9973 
gene = ND3 
product = NADH dehydrogenase subunit 3 
tRNA 9972..10041 
product = tRNA-Arg 
gene 10042..103 3 8 
gene = ND4L 















gene = ND4 
product = NADH dehydrogenase subunit 4 
11713..11781 
product = tRNA-His 
11782..11848 
product = tRNA-Ser 
11849-11920 
product = tRNA-Leu 
11921..13750 
gene = NDS 
product = NADH dehydrogenase subunit 5 
complement (13746..14267) 
gene = ND6 
product = NADH dehydrogenase subunit 6 
complement (14268..14337) 
product = tRNA-Glu 
14340..15485 
gene = CYTB 
product = cytochrome b 
15485..15555 
product = tRNA-Thr 
15556..16614 
alternating tRNA-Pro (x 6) + tRNA-Thr (x 6) pseudogenes 
complement (16615..16683) 
product = tRNA-Pro 
16685..17743 






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































TATAAGATAT ATATATCACA ATGTGATACT A 
1..70 
product = tRNA-Phe 
71..1020 
product = 12S ribosomal RNA 
1021..1092 
product = tRNA-Val 
1093..2756 
product = 16S ribosomal RNA 
2757..2831 
product = tRNA-Leu 
2832..3806 
gene = ND 1 
product = NADH dehydrogenase subunit 1 
3808..3876 








































product = tRNA-Gln 
tRNA 3947..4015 
product = tRNA-Met 
gene 4016..5059 
gene = ND2 
product = NADH dehydrogenase subunit 2 
tRNA 5059..5129 
product = tRNA-Trp 
tRNA complement (5131..5199) 
product = tRNA-Ala 
tRNA complement {5201..5272) 
product = tRNA-Asn 
tRNA complement (5306..5372) 
product = tRNA-Cys 
tRNA complement (5374..5443) 
product = tRNA-Tyr 
gene 5445..6998 
gene = COl 
product = cytochrome c oxidase subunit 1 
tRNA complement (7001..7071) 
product = tRNA-Ser 
tRNA 7076..7145 
product = tRNA-Asp 
gene 7153..7843 
gene = CO2 
product = cytochrome c oxidase subunit 2 
tRNA 7844..7916 
product = tRNA-Lys 
gene 7918..8085 
gene = ATP8 
product =ATP synthase FO subunit 8 
gene 8076..8759 
gene = ATP6 
product =ATP synthase FO subunit 6 
gene 8759..9544 
gene = CO3 
product = cytochrome c oxidase subunit 3 
tRNA 9547..9616 
product = tRNA-Giy 
gene 9617..9967 
gene = ND3 
product = NADH dehydrogenase subunit 3 
tRNA 9966..10035 
product = tRNA-Arg 
gene 10036..10332 
gene = ND4L 
product = NADH dehydrogenase subunit 4L 
gene 10326..11706 
gene = ND4 
product = NADH dehydrogenase subunit 4 
tRNA 11707..11775 











product = tRNA-Ser 
11843..11914 
product = tRNA-Leu 
11915..13744 
gene = NDS 
product = NADH dehydrogenase subunit 5 
complement (13740..14261) 
gene = ND6 
product = NADH dehydrogenase subunit 6 
complement (14262..14331) 
product = tRNA-Glu 
14334..15479 
gene = CYTB 
product = cytochrome b 
15478..15551 
product = tRNA-Thr 
complement (15554..15622) 
product = tRNA-Pro 
15616..16681 

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































product = tRNA-Phe 
69..1023 
product = 12S ribosomal RNA 
1024..1095 
product = tRNA-Val 
1096..2764 
product = 16S ribosomal RNA 
2765..2839 
product = tRNA-Leu 
2840..3814 
gene = ND 1 
product = NADH dehydrogenase subunit 1 
3816..3884 
product = tRNA-Ile 
3883..3954 
product = tRNA-Gln 
3955..4023 
product = tRNA-Met 
4024..5067 
gene = ND2 


































product = tRNA-Trp 
tRNA complement (S 139..5207) 
product = tRNA-Ala 
tRNA complement (5208..5280) 
product = tRNA-Asn 
tRNA complement (5313..5378) 
product = tRNA-Cys 
tRNA complement (5380..5449) 
product = tRNA-Tyr 
gene 5451..7005 
gene = CO1 
product = cytochrome c oxidase subunit 1 
tRNA complement (7007..7077) 
product = tRNA-Ser 
tRNA 7082..7151 
product = tRNA-Asp 
gene 7159..7849 
gene = CO2 
product = cytochrome c oxidase subunit 2 
tRNA 7850..7923 
product = tRNA-Lys 
gene 7924..8091 
gene = ATP8 
product =ATP synthase FO subunit 8 
gene 8083..8765 
gene = ATP6 
product =ATP synthase FO subunit 6 
gene 8765..9550 
gene = CO3 
product = cytochrome c oxidase subunit 3 
tRNA 9553..9622 
product = tRNA-Gly 
gene 9623..9973 
gene = ND3 
product = NADH dehydrogenase subunit 3 
tRNA 9973..10041 
product = tRNA-Arg 
gene 10042..103 3 8 
gene = ND4L 
product = NADH dehydrogenase subunit 4L 
gene 10332..11712 
gene = ND4 
product = NADH dehydrogenase subunit 4 
tRNA 11713..11781 
product = tRNA-His 
tRNA 11782..11848 
product = tRNA-Ser 
tRNA 11849..11920 
product = tRNA-Leu 
gene 11921..13750 
gene = NDS 
product = NADH dehydrogenase subunit 5 
gene complement (13746..14267) 







product = NADH dehydrogenase subunit 6 
complement (14268..14337) 
product = tRNA-Glu 
14340..15485 
gene = CYTB 
product = cytochrome b 
15485..15558 
product = tRNA-Thr 
complement (15561..15629) 
product = tRNA-Pro 
15631..16694 



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































TC TAC TTTC T 
AGATGAAAGA 








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































CTTTAAACAG AACATATATA TATCACAATG 
1..70 
product = tRNA-Phe 
69..1021 
product = 12S ribosomal RNA 
1022..1093 
product = tRNA-Val 
1094..2758 
product = 16S ribosomal RNA 
2759..2833 
product = tRNA-Leu 
2834..3808 
gene = ND 1 
product = NADH dehydrogenase subunit 1 
3810..3878 
product = tRNA-Ile 
3877..3948 
product = tRNA-Gln 
3949..4017 
product = tRNA-Met 
4018..5061 
gene = ND2 
product = NADH dehydrogenase subunit 2 
5061..5131 
product = tRNA-Trp 
complement (5133..5201) 
product = tRNA-Ala 
complement (5202..5274) 
product = tRNA-Asn 
complement (5307..5373} 















































product = tRNA-Tyr 
gene 5446..6999 
gene =COI 
product = cytochrome c oxidase subunit 1 
tRNA complement (7002..7072) 
product = tRNA-Ser 
tRNA 7077..7146 
product = tRNA-Asp 
gene 7154..7844 
gene = CO2 
product = cytochrome c oxidase subunit 2 
tRNA 7 845..7918 
product = tRNA-Lys 
gene 7920..8087 
gene = ATP8 
product =ATP synthase FO subunit 8 
gene 8078..8761 
gene = ATP6 
product =ATP synthase FO subunit 6 
gene 8761..9546 
gene = CO3 
product = cytochrome c oxidase subunit 3 
tRNA 9549..9618 
product = tRNA-Gly 
gene 9619..9969 
gene = ND3 
product = NADH dehydrogenase subunit 3 
tRNA 9968..10037 
product = tRNA-Arg 
gene 1003 8..103 34 
gene = ND4L 
product = NADH dehydrogenase subunit 4L 
gene 10328..11708 
gene = ND4 
product = NADH dehydrogenase subunit 4 
tRNA 11709..11777 
product = tRNA-His 
tRNA 11778..11844 
product = tRNA-Ser 
tRNA 11845..11916 
product = tRNA-Leu 
gene 11917..13746 
gene = NDS 
product = NADH dehydrogenase subunit 5 
gene complement (13742..14263) 
gene = ND6 
product = NADH dehydrogenase subunit 6 
tRNA complement (14264..14333) 
product = tRNA-Glu 
gene 14336..15481 
gene = CYTB 
product =cytochrome b 
tRNA 15481..15554 





product = tRNA-Pro 
15628..16688 
